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ABSTRACT
COMPUTATIONAL MODELING OF RECYCLED AGGREGATE
CONCRETE SYSTEMS
by
Anuruddha Jayasuriya
Using recycled concrete aggregates (RCA) as a substitution in concrete materials is
an excellent way to improve the sustainability of concrete production. However, due
to a lack of globally accepted technical guidance, and high material variability, the
usage of recycled aggregate concrete (RAC) systems is not readily practiced within
most structural engineering applications.
To date, the majority of the experimental findings in the literature indicate
that RAC is a weaker composite material when compared to a natural aggregate
concrete system in terms of mechanical properties such as compressive strength,
elastic modulus, tensile strength, flexural strength, fracture energy, and toughness.
However, recent research has attempted to improve the material performance through
understanding variabilities of the aggregate properties, and thus, enables one to
achieve predictable concrete strength properties that yield satisfactory structural
performances in RAC systems.
In this dissertation, the influence of recycled concrete aggregate (RCA)
properties associated with mechanical properties, replacement levels, and morphological parameters on RAC strength performance is examined through numerical
simulations. The variability of mixture design proportions on RAC hardened strength
properties are also statistically investigated. Numerical simulations indicate that
the RAC compressive strength and the elastic modulus decrease by 9%, and 22%,
respectively, when adhered mortar increases up to 50% within an identical RAC
geometry. Additionally, the RAC simulations show material stiffness compatibility
with higher adhered mortar contents, and thus, RAC material behavior show adequate

strength performance in uniaxial compression. The statistical analyses show that
RAC compressive strength is significantly influenced by the relative stiffness of natural
aggregate and mortar matrix, while the elastic modulus is dominated by the stiffness
of the cementitious phase alone.
A large statistical database is created by collecting data from a substantial
amount of peer reviewed journal articles that include hardened properties of RAC
systems. A robust statistical analysis is then performed to examine the variability
effects in the concrete systems. The statistical results show that the RAC compressive
strength is strongly affected by the total aggregate-to-cement ratio and RCA
replacement level. Monte Carlo simulations show that average compressive strength
and splitting tensile strength in the database are in agreement with the numerical
approach using a novel aggregate generation methodology. This computational RCA
random generator accounts for shape factors and size effects in the RAC systems and
simulates the material behavior under uniaxial loading environments. The elastic
modulus simulation results exhibit high strength predictions because the material
geometry and the boundary conditions in the computer simulations are stiffer than
the actual configuration of the experiments. The statistical outputs indicate distinct
effects on RAC strength due to variability of adhered mortar phases, and require
appropriate material characterization methods for predictable strength requirements.
In summary, the research work indicates that the variability of strength
properties in RAC systems has high dependency on the mixture design proportions
and the mechanical properties of the adhered mortar content. The research further
shows that the RAC strength trends vary as a function of RCA size, aggregate
shape effects, interfacial transition zone distribution, adhered mortar content, and
the location of the adhered mortar in the RCA aggregate system.
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CHAPTER 1
INTRODUCTION

1.1

Background

Concrete is a heterogeneous material comprised of aggregates (i.e., fine and coarse),
hydraulic cement, water, air, and other chemical admixtures [l]. Aggregates alone
occupy a total of 60-75% by volume (70-85% by mass) of an ordinary concrete
mixture [2]. Therefore, with fast-growing global infrastructure development, concrete
aggregate materials play a substantial role in affecting the sustainability and natural
resource management of civil infrastructure [3].

Concrete is the most widely

human-made material consumed by volume, and the annual global demand for
aggregate exceeds 26.8 billion US tons (i.e., 24.3 metric tons) [4]. In consideration of
limited natural resources and concerns over greenhouse gas emissions, the concrete
production industry is seeking methods to improve the sustainability of concrete
materials [5]. Therefore, it is necessary to look at sustainable solutions for the future
production of concrete.
According to a statistical survey reported by the United States Environmental
Protection Agency (USEPA), 534 million US tons (i.e., nearly 485 metric tons) of
construction and demolition (C&D) waste was generated in 2014. Out of this C&D
debris, nearly 140 million US tons (i.e., 127 metric tons) were produced as aggregates
within the United States [6]. A new trend of using recycled concrete aggregates (RCA)
has emerged in recent past years [7-9], but its use is limited by the engineering
community's understanding of how it will impact short- and long-term concrete
properties. However, using RCA as an aggregate source in concrete production has
helped to address the economic, environmental, and material constraint concerns
related to the production of concrete materials [5, 10, 11]. The research presented
in this dissertation is motivated by the need to study the mechanical behavior of
1

recycled aggregate concrete (RAC) systems, and enhance the material sustainability
through reusing demolished concretes as a solution to the current aggregate demand
in the concrete production.
Safety and durability of concrete structures are governed, in part, by mechanical
properties, and therefore, concrete should be capable of meeting the desired
requirements in regard to different properties such as fresh and hardened properties,
mechanical performance, volume stability, and transport properties [12-14]. These
performance metrics have been thoroughly studied for a high durability performance
of natural aggregate concrete (NAC) systems through mixture design procedures
considering the optimum effects of water-to-cementitious material ratio, aggregate-tocementitious material ratio, air content, and chemical admixtures [15-17]. Figure 1.1
illustrates the link between existing understanding of the engineered systems and
the concrete performance metrics, while highlighting a gap that needs to be
bridged through understanding the variabilities of RCA materials associated with
mixture design proportions, aggregate material, and physical properties. In order
to use RAC as a concrete system for general construction applications, such as
pavements, sidewalks, and infrastructure use with a long-term durability, a thorough
understanding needs to be established on its behavior subjected to various loading
effects.
RCAs are produced through a series of crushing operations, and thus, it is
a two-phased particle consisting of natural aggregate and adhered mortar material
phases.

Previous work has claimed that RAC systems exhibit lower strength

properties, such as compressive strength, elastic modulus, density, and hardness
compared to NAC systems [18-22].

These lower strength properties have been

attributed to the inclusion of adhered mortar which is weaker than natural aggregate
in the RAC system. However, researchers have concluded that RAC systems show a
potential increase in the peak strain when the material begins softening in uniaxial
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loading configurations [20, 23]. Experimentally, it has been seen that the peak strain
can increase by 20% with a full replacement of RCAs in the concrete system [24].
Due to its ability to undergo larger peak strains compared to NAC systems, studies
have shown that RAC systems can be applied to reduce the cracking susceptibility
against shrinkage [22, 25].
Regarding the damage progression of RAC systems, existing studies have not
been able to fully understand the reason why different failure mechanisms exist in
the RAC systems. Therefore, crack initiation and its coalescence patterns might be
different from one system to another. One of the reasons for this unpredictability of
cracking patterns may be due to the adverse results from the waste concrete crushing
operation, in which the aggregate particles are subjected to large microstructural
material dislocations of crystal composition at the initial stage [26]. Therefore, initial
micro-cracks can exist in the aggregate particles within the RAC system even before
external loads are applied. Due to the difference in thermal expansion coefficients
of RCA and the mortar matrix, initial stresses can be induced within the bond
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zone regions (i.e., interface between material phases) during cement hydration in the
concrete systems and eventually, it can promote interfacial micro-cracking failure [27].
Another way that damage initialization can occur is from strain localization effects
due to material stiffness discontinuities in the RAC systems upon external loading
[22, 28]. Experimental studies have shown that the damage is localized near the bond
zone region between the aggregate and mortar matrix, and further, it propagates
into the bond zone between the aggregate and the adhered mortar at higher strain
deformations [29, 30]. It is apparent, from this past research, that there is a complex
variety of damage initiation, progression, and crack coalescence that needs to be
studied in order to use RAC systems in structural applications.
A limited number of studies have quantified the structural performance of
reinforced concrete using RCA materials.

For example, studies on high strength

concrete [31], seismic performance [32, 33], shear strength [34, 35], and bond
strength [36, 37] have been performed; however, RCA application in such structural
applications has not been significantly utilized in actual structures due to potential
material property variabilities. There are, however, several structural applications
that exist in the built environment where RCAs had been used as aggregates in
structural concrete. The J-cube capital mall (completed in 2011) in Singapore is one
recent application where RAC was used as a structural concret. The project reclaimed
50% of recycled aggregates in the concrete produced through demolishing the Jurong
Entertainment Center and the new structure was built as a replacement building at
the same location [38]. A case study from the State of Colorado showed that the
cumulative demolition waste from old runway, office, and warehouse structures at
Stapleton Airport in Denver was used as aggregates in RAC during the construction
of the new Enterprise Park at Stapleton [39]. In addition, RAC systems have also been
used in foundation floors of a Melbourne casino and a Sydney Olympic building in
Australia, and some school buildings in Norway [40]. These physical RAC structural
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applications exemplify that reusing demolished concrete as aggregates can not only
promote the productivity of the waste stream which is being accumulated each year,
but also, it can contribute to mitigate the aggregate demand which needs to be mined
for the use of concrete production. Therefore, the performance of material behavior
in RAC systems needs to be examined and the variability of waste concrete must be
identified that will have predictable RAC strength properties.
In summary, accessibility to natural aggregate resources are currently depleting
with an increasing aggregate demand, and the use of RCA materials in concrete
applications can be seen as a potential solution to mitigate transportation costs and
greenhouse gas emissions related to aggregate logistics. However, the implementation
of such recycled waste materials as aggregates to use in structural concrete, whether
at partial or full replacement levels, is a slow-paced transition due to the broad range
of variabilities induced by material properties, chemical impurities, and aggregate
quality.

An in-depth understanding of such material property variabilities needs

to be undertaken to examine the influences that may impose on the predicted
strength performance of RAC systems. Further, since a globally accepted standard
that prescribes the limitations and guidelines on waste concrete materials does not
exist, additional contributions are required to improve the efficacy of RCA materials
used in new concrete structures. As a result, the motivation of this dissertation
presents the importance of studying the statistical variability of RCA materials that
have considerable influence on the strength properties of concrete made with RCAs.
Therefore, the results and conclusions yielded from this research can not only be
used to implement design methodologies to predict strength properties, but also, it
facilitates the research significance to initiate standard guidelines for construction
applications.

5

1.2

Objectives and Scope

The main objective of this study is to inform the engineering community's understanding on how material variability influences RAC strength properties, and thereby,
to improve predictions of RCA material performance. Therefore, the research scope
is constructed based on numerical and statistical evaluations that are defined as the
research tasks listed below.
1. Identify the influence of mechanical properties of RAC material phases by

adopting a variability study through numerically simulated concrete systems
with RCAs.
2. Investigate the influence of aggregate physical properties (e.g., angularity,
maximum aggregate size, aggregate shape, and spatial distribution of RCA
particles) on the macro-scale mechanical properties of RAC system utilizing a
novel method of generating of a two-dimensional random RCA structure.
3. Study the variability of RAC mechanical properties of cementitious materials
and its influence on the strength characteristics (e.g., compressive strength,
tensile strength, and elastic modulus) through a stochastic model using Monte
Carlo methods.
4. Evaluate the statistical implications of RAC compressive strength performances
based on an experimental database analysis, and as a result, a concrete mixture
design procedure is developed for concrete containing RCA materials.

1.3

Research Significance

The research outcomes of this study provide an in-depth evaluation on how RAC
systems perform when exposed to large material variabilities associated with the
aggregate physical, mechanical, and mixture design proportion properties. Therefore,
the results and conclusions of the overall research have the ability to enhance the
existing understanding of the material variability in RAC systems, and further, it
contributes to initiate broad discussions among design engineers, RCA producers,
and researchers in following areas.
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1. Development of concrete mixture design guidelines that can be used by engineers
to produce RAC systems with predictable concrete mechanical properties.
2. Methods that can be adopted by RCA producers to appropriately classify
the waste materials based on the parent concrete strength, such that it not
only satisfies the aggregate requirements for concrete applications, but also, it
predicts a better strength performance in RAC systems.
3. The contributions of this work can be used as a framework for researchers
to develop innovative methods to quantify the durability of concrete made
with RCA materials, while securing the integrity of structural applications and
purposes.

1.4

Dissertation Organization

The dissertation is organized into seven chapters including this introductory chapter.
A description of the proceeding chapters is outlined, and summarized below.

Chapter 2: This chapter provides a thorough literature review to RCA production,
its material properties, and the mechanical properties of RAC systems. Currently
available numerical modeling techniques for both NAC and RAC systems are also
discussed in this chapter, where different methodologies from previous studies are
included on computational geometric approaches to randomly create aggregate
structures. Further, this chapter provides the current understanding of the RCA
materials in terms of its quality, properties, and the variabilities of strength
performances of concrete made out of recycled materials.

Chapter 3: The first research objective is addressed in this chapter to identify
the influence of mechanical properties of RAC material phases through a sensitivity
analysis.

The research work has incorporated a series of numerical simulations

to understand the variability effects of the mechanical properties of RAC systems
at a mesa-scale level.

Influences of stiffness variability, and the adhered mortar

content in mesa-scale material phases in RAC systems are broadly discussed through
evaluating the RAC strength properties from a statistical point of view. Based on
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the statistical results, the significant factors, probabilistic nature, main effects, and
bivariate relationships are established for the factors influencing the RAC mechanical
properties. The results of this chapter are published in Construction and Building

Materials [41].

Chapter 4: In this chapter, the influence of the aggregate physical properties on
the RAC mechanical properties are investigated to address the second objective of the
research. A novel method of generating random RAC systems using a computational
algorithm through image processing work is developed. A finite element modeling
procedure is extended to capture the material behavior under compression using an
available material constitutive model. Further, this study examines the aggregate
influences, such as aggregate shape, aggregate size, adhered mortar content level,
and the aggregate ratio on the compressive behavior, where the numerical results are
compared with a statistically developed experimental database system. The results
of this chapter are published in American Society of Civil Engineer's ASCE Journal

of Materials in Civil Engineering [42].

Chapter 5: This chapter addresses the third objective of the research. In this
chapter, the variabilities of mechanical properties of cementitious materials and its
influence on the concrete strength characteristics are studied. The research work
utilizes the same random aggregate generation discussed in Chapter 4, and investigates the stochastic nature of the influence of cementitious material properties and
the mixture design properties on RAC strength characteristics. Monte Carlo methods
are used to integrate the stochastic nature of the cementitious material properties, and
the numerical simulations are developed to predict the RAC mechanical properties
for compressive strength, tensile strength, and elastic modulus.

Eventually, the

numerical results and the experimental database results are compared to study the
variability of RAC strength properties simulated through numerical approach with
the experimental database. The research contributions of this chapter is presented
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in a journal article which is currently under peer review in the American Concrete
Institute's AC/ Materials Journal.

Chapter 6: The fourth objective is addressed in this chapter, and it analyzes the
statistical variabilities through a large database system that contains a substantial
amount of peer reviewed journal articles on the experimental findings of RAC concrete
strength properties. A sensitivity analysis is performed using a full factorial analysis
in consideration of four factors and three corresponding levels to statistically estimate
the influence of selected factors on the RAC compressive strength. While the effects
on RAC compressive strengths are determined using several statistical indices, such as
pareto charts, main effects plots, and bivariate relationships, the general trends of the
compressive strength, elastic modulus, splitting tensile strength, and flexural strength
are also observed against the effective water-to-cement ratio and the RCA replacement
level.

The research work that includes in this chapter is already submitted to

Resources, Conservation €3 Recycling.

Chapter 7: This chapter highlights the findings of the overall research study, and
discusses recommendations and future studies that can be implemented to increase
the understanding of the material variabilities for producing predictable concrete
strength and durability properties.

9

CHAPTER 2
LITERATURE REVIEW

2.1

General Background

After World War II, the former Soviet Union, Germany, Japan, and other countries
began researching new techniques on recycling the waste concrete that was generated
from damage to structures during the war [18, 43]. In 1946, recycling methods on
waste concrete to make recycled aggregates were first put forth by a former Soviet
Union scholar [44], and by the end of 1970s, approximately 40 million tonnes of
waste concrete were reused as recycled concrete aggregates (RCA) [27]. Thereafter,
based on the studies that were carried out by the International Union of Laboratories
and Experts in Construction Materials, Systems and Structures (RILEM), the first
technical committee report was initiated in 1976 on The Demolition and Reuse of

Concrete Technical Committee [43]. This committee mainly focused on studying
different ways of processing the waste concrete and establishing different recycling
techniques.

Further studies were carried out by RILEM with a special focus on

reusing the waste concrete as construction materials, and implemented prominent
guidance through two additional technical reports covering the years 1978-1985 and
1985-1989 [45, 46]. Considering the beneficial outcomes that these technical reports
presented, the utilization of RCA as a construction material expanded throughout
different countries and their agencies around the world, and emerged common
interests to promote implementing standardized guidance for RCA applications.
Consequently, global agencies such as American Concrete Institute (ACI) [47],
American Society for Testing and Materials (ASTM) [48], Canadian Standards (CSA)
[49], German Standards (DIN) [50], Japanese Industrial Standards [51, 51, 52],
Federal Highway Administration (FHWA) [53]. European RILEM Standards [54],
Hong Kong specifications [55], Chinese Standards [56] provide certain limitations on
10

RCA properties, but do not provide information on reliability of achieving concrete
strengths when RCA used in concrete. Hence, further considerations are required to
address and update those consensus documents according to the material variability
depending on the RCA source. Therefore, RCA as an aggregate and a concrete system
requires more research to improve the shortcomings of the prevailing standardized
documents, such that the material performance and the quality requirements are
predicted satisfactorily.
Producing concrete with RCA has several advantages, namely, the burden
placed on non-renewable aggregate resources may be significantly decreased, the
service life and capacity of landfill and waste management facilities can be extended,
and carbon dioxide emissions and traffic congestion associated with the transport
of virgin aggregates from remote sites can be reduced [57]. Further, using concrete
wastes as aggregates solve the critical shortage of natural aggregate anticipated for the
near future [18, 58]. Given that these reasons are the main driving force that promote
reusing waste concrete as aggregates in the construction industry, the applicability of
such aggregates in concrete production should be closely characterized.

2.2

Production of Recycled Concrete Aggregates

Recycling of concrete is a relatively simple and a systematic process. It involves
breaking, removing, and crushing existing concrete into a material with a specified
size and quality. Different countries adopt various techniques according to the relevant
specifications and guidelines during the extraction process of the impurities such as
bricks, plaster, wood, steel, plastic, glass, asphalt, paint, etc. Crushing operations of
waste concrete is generally done using impact crushers and jaw crushers. Jaw crushers
can provide an adequate particle size distribution for a qualitative gradation purpose
in RCA production [47]. For example, according to the ACI 555R-01, the aggregates
are produced having a maximum aggregate size of not more than 40 mm, where
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larger particles are re-crushed until the appropriate gradation sizes are obtained [47].
The aggregate production involves several steps depending on which guideline that
will be put into practice. For example, the RCA production process recommended
by ACI 555R-01 [47] is outlined in Figure 2.1. In a general processing method, the
aggregates are subjected to multiple screening stages to remove any type of foreign
material contaminated with waste concrete as well as at least two crushing phases
to make sure that the aggregates are crushed according to the specified maximum
aggregate size. During the aggregate process, washing and air-sifting is accepted as a
standard procedure to remove the dust particles and increase the material quality of
the final product. After the aggregate separation as crushed RCA, it must be classified
according to the ASTM C 33 [48] and must be tested for strength, water absorption,
abrasion, specific gravity, sulfate content and alkali-silica reaction potential before
being used as aggregate in concrete systems. As discussed above, although there
are some guideline documentations exist, the diversity of the RCA quality control
factors adopted (e.g., threshold limits of contaminants such as chemical and physical
impurities), is very high due to two reasons; 1) there is no standard procedure
developed that is universally accepted to quantify the qualitative factors, and 2)
inadequacy of proven research outcomes that can predict the stochastic nature of the
material variability of the waste concrete due to RCA-source dependency. However,
identifying such potential factors through available threshold limits can be highly
significant before they are used in concrete applications. Therefore, a brief discussion
is included in the following section to compare various qualitative factors adopted by
the RCA specification guidelines for consideration of RCA as a construction material.

2.3

RCA Specification Requirements for Aggregate Quality

Aggregate quality is a very important factor in strength-based and durability-based
concrete production. There is a broad difference of waste concrete extracted through
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Selective demolition to reduce
individual fragments of broken
concrete to a maximum of 0.4-0.7 m
Separate storage of concrete, brick,
rubble and mixed demolition debris
which is heavily Contaminated with
wood, iron, plastics, and gypsum
Manual or mechanical pre-separation

By-pass of
10 mm< d < 40 mm
Primary screening

Removal of large pieces of
wood, iron, paper, plastics, etc.
Removal of all minus
10 mm fine material such
as soil, gypsum, etc.

Primary crushing

Magnetic separation

Removal of remaining
ferrous matter

By-pass of
d < 40 mm
Secondary separation
Manual or mechanical removal of
remaining contaminants

Removal of lightweight
matter such as plastics,
paper, and wood

Secondary crushing

Washing, screening, or air-sifting

Removal of remaining
contaminants such as
plastics, paper, wood, gypsum

Fraction of concrete demolition
waste and brick rubble <40 mm
Finish screening into size fractions
According to customer’s desire

Figure 2.1 Production process of RCA.
Source: ACI 555 Specification [47}.
recycling from various RCA sources, and therefore, the analysis of the aggregate
properties is significant. One main concern for using a classification method is due to
the physical impurities that can influence the strength properties of concrete made
with RCA. It was found that the strength of recycled aggregate concrete (RAC)
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systems that had waste brick as impurities were 50% less than that of systems with
only RCA [59]. Further, experimental work carried out by Peng et al. [60] concluded
that, increased impurity content with waste brick decreased the overall RAC strength
by 15-25% than a control system consisted with only RCA particles. In addition
to bricks, gypsum, asphalt, and wood chips can be of impurity contents that may
hinder the elastic modulus of RAC systems, and eventually, it may influence the
strength of the concrete [61]. Therefore, it is clear that impurity contents need to be
regulated when manufacturing and using RCA as coarse aggregates. Some countries,
regions, or organizations around the world have proposed different methods of RCA
classifications and threshold limits, and a brief summary is provided in the following
subsection.

2.3.1

American Concrete Institute RCA Specifications

The American Concrete Institute (ACI) does not have specific RCA provisions in its
current building code for concrete (ACI 318-14). However, guidance on the use of
RCA materials is mainly discussed by ACI technical committee 555 and their current
state-of-the-art report [47]. In this report, impurity contents are discussed, and RCA
specifications are provided in Table 2.1.
Table 2.1 RCA Particle Requirements Prescribed in ACI 555-0lR

Hydrated
Impurities

Lime plaster Soil Wood

gypsum

Paint made
Asphalt

vinyl acetate

Percentage of
aggregate by volume

7%

5%

4%

3%

2%

0.20%

In ACI 221R [62], it has been specified that trial batches, extensive tests,
chemical and petrographic analyses, and local performance records are of vital
importance in the decisions regarding the use of RCA. The main reason that it requires
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thorough testing is because building rubble may contain deleterious contaminant
compounds in brick, glass, gypsum, and any recycled concrete may contain reactive or
poor-quality aggregates or high chloride contents. Aggregates made from municipal
or industrial wastes (slags other than those from an iron blast furnace), recycled,
or marginal materials may possess a number of undesirable physical and chemical
qualities.

Further, it explains that recycled materials should be specified and

evaluated in accordance with ASTM C 33 [48], except when the composition indicates
the need for further specific requirements.
According to ASTM C33 [48], when recycled fine aggregates are used for
concrete subjected to abrasion, gradation limits are allowed to increase from 0-3% to
0-5% passing of finer material than No. 200 sieve, considering more finer materials
may exist due to the dust of fracture and clay contents. If the concrete is not subjected
to abrasion, the gradation limits are further increased from 0-5% to 0-7%. Further,
this specification advises to perform evaluations for environmental conditions such
as, air quality, water quality, and storage by using appropriate local, state, and
federal test methods in effect at the time of use. However, ASTM C33 does not
provide further provisions for classifying or guiding RCA usage on specific concrete
applications.
AASHTO M80 [63] permits the use of crushed concrete as aggregates, although
that it does not contain many provisions on RCA usage. It is noted that all crushed
aggregates are required to satisfy the provisions of AASHTO M80. However, prior
to the addition of this provision in AASHTO M80 standard, AASHTO M16 [64]
controlled the use of RCA in concrete. AASHTO MP16 mainly focused on aggregates
used in non-structural applications. AASHTO MP16 categorized the RCA in three
different classes; Class A, for aggregates subjected to severe exposure, Class B, for
aggregates subjected to moderate exposure, and Class C for aggregates subjected to
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negligible exposure. Standard practice requirements for RCA in AASHTO MP16 is
listed as shown in Table 2.2.
Table 2.2 Standard Specification for RCA Particle Requirements Prescribed in
AASHTO MP-16

Requirements

Limitation

Maximum LA abrasion loss

50%
12% (under sodium sulphate)

Soundness loss
18% (under magnesium sulphate)
Amount of material passing No. 200 sieve
Chloride ion content

2.3.2

0.6 lb/yd3 of concrete

Canadian Standards

The current limited use of RCA in Canada is not only related to its properties or
performance, but also due to ambiguous characterization of the product in national,
provincial, or municipal material standards and building codes.

The Canadian

Standards Association (CSA), for example, addresses RCA very loosely.

A note

to clause 4.2.3.1 in CSA A23.1-09 [49], advises particular attention be paid to
deleterious substances, durability characteristics, potential alkali-aggregate reactivity,
workability characteristics, and physical properties. Additionally, it states testing
frequency may need to be increased to daily, depending on the RCA source and
variability. However, CSA allows the use of RCA as long as the resulting product
meets its performance standards. The recent version of this Canadian Standard,
published in 2014, included an annexure that described the production and properties
of aggregates produced from recycled concrete for use in hydraulic cement concrete.
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2.3.3

German Standards

German standards DIN 42226-100 [50] was updated in 2002, and the standard allows
the use of RCA in new concrete provided that it satisfies the requirements related to
a particular aggregate class as shown in Table 2.3. Aggregates are categorized into
four different types depending on the different levels of prescribed impurity levels due
to various factors. The quality of the RCA types through Type 1 to Type 4 decreases
and the applicability of these aggregates in structural concrete is limited. Therefore,
it is recommended that Type 3 or higher RCA needs to be used in non-structural
applications such as pavement, curbs, and pathways.
Table 2.3 RCA Particle Requirements Prescribed in German Standards
Constituent by maBs [%]
Requirement

Concrete and natural aggregates

Type 1

Type 2

Type 3

:::::go

:::::10

:::::20

:S:10

:S:30

:::::so

Clinker, no porous clay bricks

Type 4

:::::so

:S:5

Calcium silicate bricks
Other mineral materials (e.g. porous brick,

:S:2

:S:3

:S:5

lightweight concrete, plaBter, mortar, porous slag)

::;20

Asphalt

:SI

:SI

:SI

Foreign substances (e.g. glaBs, plaBtic, metal, wood)

::;0.2

::;o.5

::;o.5

:SI

Oven dry density

:::::2000 kg/m3

:::::2000 kg/m3

:::::1soo kg/m3

:::::1500 kg/m3

Maximum water absorption (in 10 mins)

:S:10%

:S:15%

:S:20%

No limit

2.3.4

Chinese Specifications

Chinese specification has three categories for RCA classification based on their
properties [56]. RCA requirements are listed in Table 2.4. The aggregate classes
are defined based on the quality, quantified based on various aggregate properties
such as chemical impurities, porosity, shape, and foreign materials attached. Class I
maintains the highest quality to be utilized in structural applications whereas the
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Class III aggregates show low quality, which can only be used in non-structural
concrete application.

Table 2.4 RCA Particle Requirements Prescribed in Chinese Standards
Requirement

Class I

Class II

Class III

Water absorption

<3%

<5%

<8%

Apparent density

>2450 kg/m 3

>2350 kg/m 3

>2250 kg/m 3

Porosity

<47%

<50%

<53%

Content of clay by mass

<1%

<2%

<3%

Content of clay lumps by mass

<0.5%

<0.7%

<1.0%

Content of elongated and flaky particles

<10%

Content of organic

Standard

Sulfide and sulphate by mass

<2%

Chloride by mass

<0.06%

Other impurities

<1%

2.3.5

Mass loss

<5%

<10%

<15%

Crushing Index

<12%

<20%

<30%

Hong Kong RCA Specifications

The Hong Kong Civil Engineering Specifications started allowing for RCA in
new concrete in 2001 after detailed laboratory investigations and plant trials [55].
Specification Works Bureau Technical Circular No.12/2002 "Specification facilitating
the use of recycled aggregates" [65] has two different applications for RCA used in
concrete production; 1) for lower grade concrete applications, and 2) for higher grade
concrete applications.

For lower grade applications, concrete with 100% RCA is

allowed, and recycled fine aggregates are not allowed to be used in the concrete,
considering the risk associated with lower hardened and durability properties of
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concrete. The target strength is specified at 20 MPa, and the concrete can be used
in benches, stools, planter walls, concrete mass walls, and other minor concrete
structures.

For higher grade concrete applications that are less than 35 MPa

comrpessive strength requirements, the current specification allows a maximum of
20% replacement level of RCA excluding any type of concrete application related to
water retaining structures. The specification requirements for RCA use in Hong Kong
is shown in Table 2.5.

Table 2.5 RCA Particle Requirements Prescribed in Hong Kong Standards
Requirements

Limitation

Minimum dry particle density

2000 kg/m 3

Maximum water absorption

10%

Maximum content of wood and other materials
0.50%
less dense than water
Maximum content of other foreign materials (e.g.,

1%
metals, clay lumps, asphalt, glass, and tar, etc.)
Maximum content of sulphate

1%

Maximum contents of finer material (< 4 mm)

5%
0.05% (by mass of iron chloride

Maximum chloride content
of combined aggregate)
Flakiness index

2.3.6

40%

RILEM (European Union) Standards

In 1998, RILEM published a specification for RCA particles [54] where this report
addresses RCA derived from three classes or categories of sources. Class I was named
for RCA obtained from masonry rubble, Class II was named for RCA obtained from
waste concrete rubble, and Class III was named for a mixture of RCA and natural
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aggregates. The maximum allowance of RCA replacement from Class I was prescribed
for 20% where no more than 10% of brick should be included as impurities. However,
Class II and Class III can be used as 100% replacements. Table 2.6 represents the
requirements adopted in RILEM specifications for each of those RCA classes. In
addition, based on the RCA type, provisions for use as concrete aggregate along with
a set of strength limits and durability compliance criteria are provided.
Table 2.6 RCA Particle Requirements Prescribed in RILEM Standards
Requirement

Class I

Class II

Class III

Saturated dry density

1500 kg/m 3

2000 kg/m 3

2400 kg/m 3

10%

10%

10%

1%

1%

1%

0.50%

0.50%

20%

10%

3%

5% (by volume)

1% (by volume)

1% (by volume)

Maximum content of metals

1% (by mass)

1% (by mass)

1% (by mass)

Maximum content of organic material

1% (by mass)

0.5% (by mass)

0.5% (by mass)

Maximum sulphate content

1% (by mass)

1% (by mass)

1% (by mass)

Maximum content of material with
SSD<2200 kg/m 3
Maximum content of material
with SSD<1800 kg/m3
Maximum content of material with
SSD<lO00 kg/m 3
Water absorption
Maximum content of foreign materials
(metals, glass, soft materials, bitumen)

2.3.7

Japanese RCA Specifications

The Building Contractors Society of Japan has issued a document [66] that discusses
about RCA classification. This document establishes a high/lower limit for oven-dry
density of RCA. The maximum design strength of RAC is determined by the type of
recycled aggregates used which has higher qualitative properties in terms of density.
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Class L is considered as low-quality aggregates and, it is used for backfilling, filling,
and leveling concrete as screed concrete. Class H is treated as high-quality aggregates
and permit for normal concrete applications. The standard specifications for L and
H classes of RCA are provided in JIS A 5023 [52] and JIS A 5021 [51], respectively.
Intermediate RCA quality is also discussed in JIS A 5022 [67] where the aggregate
type is classified as Class M, and the applications are limited to mat, pile concrete
foundation purposes. Table 2. 7 illustrates the limitations of RCA usage in those
three types of RCA classes. Limitations presented in Table 2. 7 are fairly comparable
to those for conventional aggregates and, as a result, the Japanese standard allows
high-quality RCA to use any structural element after appropriate quality checks.

Table 2. 7 RCA Particle Requirements Prescribed in Japanese Standards
Requirements

Class H

Class M

Class L

Oven-dry density

2::2.5 g/cm3

2::2.3 g/cm3

Water absorption

s3%

s5%

s7%

LA abrasion

S35%

:::;40%

:::;40%

Amount of material passing
:::;1%
No. 200 sieve
Chloride content

:::;o.o4%

The following section of this chapter presents the physical properties of RCA
as an aggregate, and illustrates how they differ from the virgin aggregates that
are obtained from natural resources. In addition, the strength properties, damage
progression, computational material modeling techniques, and statistical studies on
hardened properties of concrete systems made out of RCA are broadly discussed and
compared with the natural aggregate concrete (N AC) systems.
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2.4

Properties of Recycled Concrete Aggregates

RCA are aggregates with the particle size greater than 4.75 mm (typically less than
40 mm) crushed and processed by waste (or demolished) concrete product [47]. A

schematic of an RCA particle is shown in Figure 2.2.

From the material point

of view, due to the inclusion of the adhered mortar, the aggregate properties are
drastically changed compared to a natural aggregate particle [27]. Aggregates are
the major components of concrete and have a significant effect on the engineering
properties of the final concrete [68]. Therefore, the performance of fresh and hardened
RAC systems may change compared to a NAC system. However, ample amount of
experimental studies has been carried out in recent years to understand the material
properties of RCA [20- 24, 26, 37, 45, 69- 75] . The following subsection provides a
background information of the various properties of RCA obtained from the findings
listed in the literature.

Adhered Mortar

Natural Aggregate

Old ITZ
New ITZ
Figure 2.2 Meso-scale material properties in RCA material.
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2.4.1

Adhered Mortar Content

The adhered mortar portion in RCA particles consist of both hydrated and
unhydrated cement particles. Essentially, the adhered mortar is included in the RCA
particles during the breakage of the parent concrete [76]. The amount of adhered
mortar content that remains on RCA depends largely on the crushing process by which
the aggregates are produced. For example, it has been shown that finer aggregate
particles consist of higher amounts of adhered mortar content [77-79]. Also, as the
number of crushing processes increases, the amount of adhered mortar content is
reduced because this hardened cementitious phase is friable and will be broken off
from larger particles in smaller pieces [26, 78, 79]. With the increasing number of
crushing process of the waste concrete that is subjected to, Juan and Gutierrez [79]
and Nagataki et al. [26] noted that the amount of adhered mortar on a natural
aggregate portion is reduced. Studies have further shown that the adhered mortar
content has lower strength as well as it is a brittle material, therefore, care should be
taken to understand the amount of adhered mortar that needs to be accounted in a
particular concrete system [80].
The adhered mortar contents can be quantified using several techniques. For a
given sample of RCA, the amount of adhered mortar content (X) can be estimated
by using the formulas given in Equations (2.1) and (2.2), where PRCA is the apparent
density of RCA, PNA is the apparent density of natural aggregate, and PM is the
apparent density of mortar.

X.pM

+ (1- X).PNA = PRCA

X

=

PRCA -PNA
PM - PNA
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(2.1)

(2.2)

Another technique is to use white cement and colored pigments during the
concrete mixing such that in a mortar matrix, the adhered mortar can be clearly
distinguished at different cross sections of the specimen [77]. Then, the amount of
adhered mortar can be calculated using linear traverse method, similar in principle
to what ASTM C 457 [81] discusses. Acid dissolution has been used as a method in
determining the adhered mortar content such as nitric acid [82], sulfuric acid [83], or
hydrochloric acid [26, 84]. The acid, in the dissolution treatment behaves as a cement
mortar eliminator, leaving the aggregate portion separated from the adhered mortar.
But this method cannot be used for limestone aggregates where there is a potential
reaction occurs in the presence of acid [79].
Another method can be implemented by utilizing the freeze and thaw treatment
subjected to a sulfate solution or heat treatment method where adhered mortar
content can be broken down and separated from the natural aggregate [79, 85, 86].
Upon visual inspection, freeze and thaw treatment method was found to have removed
more of the adhered mortar than compared to the method based on nitric acid
dissolution [86]. The same idea is reflected in the heat treatment where adhered
mortar is broken down by heating the saturated aggregates in a hot furnace (i.e.,
at more than 400 °C) and immediate submersion in a cold water bath. Due to the
sudden temperature drop of the aggregate, large thermal stresses are built where
disintegration of adhered mortar occurs. In addition to these laboratory methods,
studies have further improved to use experimental image analysis to quantify the
amount of adhered mortar content as well [87].

2.4.2

Porosity

In general, the porosity of RCA is higher than that of natural aggregates by about 10
to 12% depending on the amount of attached mortar and aggregate size [88]. Higher
amounts of porosity of RCA particles are due to the pore structure of the old mortar
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and the interfacial transition zone (ITZ) existing in the overall aggregate geometry
[1]. The ITZ regions have much higher porosity than in hydrated phases (i.e., C-S-H)
and also in natural aggregate particles. Due to the higher porosity characteristics in
RCA, the relative density can be comparatively lower, and the absorption capacity
can be extremely high. Further, the overall aggregate stiffness is lower than natural
aggregates due to the consideration of higher porosity, and existing research has shown
that such aggregate impacts can lead to stress concentrations under load when used
in concrete structures [22].

2.4.3

Variability of RCA Specific Gravity

The specific gravity of RCA is generally lower than that of natural aggregates as a
result of the adhered mortar phase. The low specific gravity of RCA is attributed due
to the nature of attached mortar being less dense and highly porous than the natural
aggregate phase [89]. Based on a statistical review performed by Yerian et al. [90], the
specific gravity of RCA aggregates was ranging between 1.91 to 2. 70 whereas it was
between 2.40 to 2.89 for the natural aggregates. The frequency distribution of specific
gravity variations is shown in Figure 2.3, and it depicted that the RCA materials had
two peak average values at 2.40 and 2.65 that was accounted a 16% and 8% of the
data selected in the study, respectively. The relative strength of the adhered mortar
phase in RCA controls the specific gravity, and thus, the RCA specific gravity can
exhibit multiple peak average values depending on the given aggregate sample size
that is analyzed. The mixture design procedures that are used in regular concrete
production can be used in RAC systems with slight adjustments of water contents
to account for an adequate workability [91, 92]. However, the large variability in the
specific gravity can strongly affect the mixture design proportions for RAC concrete
systems whenever the absolute volume method is adopted, as such, it results a broad
variation in the mechanical properties of RAC systems.
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Figure 2.3 Frequency distributions of specific gravity.
Source: Verian et al. /90].
2.4.4

Water Absorption Capacity

The absorption capacity is defined as the total amount of water required to bring the
aggregate to a saturated surface dry condition, and is expressed as a percentage of the
weight of dry aggregate. Compared to natural aggregates, RCA has higher absorption
capacity due to the presence of adhered mortar portion in the particle structure
[45].

The higher porosity level in the aggregate system increases the absorption

capacities in RCA particles. The absorption capacities of aggregate primarily depends
on the size and the number of internal pores [68]. Research has shown that the
absorption capacity of RCA varies inversely proportional to the specific gravity which
both properties are controlled by the amount of porosity in the aggregate system
[93, 94]. Figure 2.4 shows the statistical distribution of the collected data from a
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study performed by Yerian et al. [90]. Based on this study, the water absorption
of RCA exhibited a larger range from 0.50% to 14. 75% as compared to the natural
aggregates which accounted a range between 0.34% and 3.00% only.
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Another statistical study performed by Silva et al. [75] proposed a correlation
of the absorption capacity of both fine and coarse RCA as a function of the ovendried density of the corresponding aggregate type, and the results are indicated in
Figure 2.5. From over 200 experimental results, the correlation between the oven-dried
density and the water absorption of the RCA aggregates was inversely proportional to
each other with a higher coefficient of correlation. Similar types of correlation trends
were observed between absorption capacity and specific gravity of RCA particles
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based on the results yielded through a statistical study performed by Yerian et al.
[90].
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Figure 2.5 Correlation between absorption capacity and the oven-dried density.
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Based on several experimental findings , it can be seen that the water absorption
capacity could vary from 0.57 to 11.6% [82, 95] . In general, RCA takes a longer
time to absorb moisture than natural aggregates and, as a result , it may not reach
full saturation during the mixing period. Hence, higher absorption capacity has an
adverse effect on concrete workability and produces a lower slump [96]. It was also
noted that the absorption capacity of RCA increases as the amount of adhered mortar
is increased [94]. This indicates that the amount of adhered mortar content should
be carefully considered especially during the mixture proportioning procedures, given
that the water adjustments need to be accounted for with a proper understanding [96] .
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Otherwise, it would influence the effective water-to-cement ratio that is linked with
the workability, and the strength properties of the concrete systems. Table 2.8 shows
some typical absorption capacity values/ranges based on laboratory experiments
conducted in previous studies.
Table 2.8 Absorption Capacities of Recycled Concrete Aggregates Reported in the
Literature

Absorption Capacity
Reference

2.4.5

[%]

Xiao and Falkner [37]

9.25

Hansen and Narud [77]

5.7-6.0

Etxeberria et al. [80]

4.45

Movassaghi [82]

5.2-11.6

Gokce et al. [84]

3.19-5.58

Tam and Tam [95]

0.57-8.74

Rahal [74]

3.47

Chen et al. [97]

5.04-7.54

Poon et al. [98]

6.28

Sagoe-Crentsil et al. [99]

5.6

Bulk Density

The bulk density is defined as the mass of the aggregate at surface saturate dry
condition, that would fill a unit volume. According to experimental research, it was
found that the bulk density of RCA at surface saturate dry state is relatively lower
than it is compared to the natural aggregates [77]. This is due to the adhered mortar
content that is attached in the RCA particles. This is another reason why such
aggregate systems are considered to be a sub-standard aggregate particles compared
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to a naturally mined aggregates. Table 2.9 shows the variations of bulk densities of
RCA at different moisture states.

Table 2.9 Relative Bulk Densities of Recycled Concrete Aggregates at Different
Moisture States Reported in the Literature

Reference

Tu et al. [78]

Relative bulk density

Relative bulk density

[Oven dry]

[SSD]

2.35

2.48

Etxeberria et al. [80]
Movassaghi [82]

2.43
2.05-2.28

2.41-2.50

Gokce et al. [84]
Tam and Tam [95]

2.4.6

2.28-2.40

2.12-2.62

Chen et al. [97]

2.28-2.29

Limbachiya et al. [100]

2.40-2.90

Gomez-Soberon [88]

2.28-2.57

Poon et al. [98]

2.33

Kou et al. [101]

2.57

Aggregate Soundness and Relative Stiffness of RCA

Soundness of RCA is used for judging the ability to resist weathering under
meteorological, environmental, and other physical impacts by testing the capacity
to withstand continuous immersion in a sulfate solution (e.g., sodium or magnesium).
The soundness of the aggregate is represented by the percent mass loss, whereas a
high mass loss percentage can be expected in RCA as a result of the existence of
cementitious phases in adhered mortar. Experiments done on RCA soundness based
on ASTM C 88 [102], showed a high variability of mass losses from 0.9 to 58.9% [45].
However, studies showed that the prescribed test was not suitable as the submersion
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under a sulfate solution can attack the interfacial bond causing a severe disintegration
of the aggregate [85, 103]. Although soundness check of RCA is a severe testing for
quality assessments, the level of damage on the cementitious material can be used as
a method to quantify the adhered mortar content for a selected RCA sample as it
was discussed in Subsection 2.4.1.
Including the soundness test [102], LA abrasion resistance test [104], and
aggregate crushing value test [105] are the most common testing methods used
to quantify the qualitative characteristics of aggregates.

Although these testing

methodologies are frequently used on natural aggregates, the standard procedures
prescribed on RCA aggregates may be a severe test due to the relative stiffness
incompatibility between the material phases.

For example, as it was mentioned

previously, the soundness testing is done inside of a sodium or magnesium sulfate
solution where the aggregate samples are subjected to alternative freeze and thaw
cycles [102], and due to the softer adhered mortar, the aggregate disintegration is
extremely high compared to natural aggregates. Therefore, the variability of the
mass loss recorded at laboratory levels for different types of RCA materials can be
uncorrelated in comparison with a larger sample set of RCA. Similarly, when LA
abrasion and aggregate crushing value tests are conducted, larger forces contribute to
break off the brittle materials (i.e., adhered mortar) and the interface boundaries in
the aggregate system, and increase the amount of mass loss eventually. Accordingly,
these testing methods do not provide conclusive evidence whether these procedures
interpret the actual quality of the aggregates due to the larger variability of the
attached mortar properties and its contents in the aggregate system. A summary of
mass losses for the three different test methods that were obtained from the literature
is provided in Table 2.10.
The relative stiffness of the adhered mortar compared to the natural aggregate in
RCA increase the susceptibility of stress concentration near the material boundaries.
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Table 2.10 Mass Losses Reported in the Literature for LA Abrasion, Soundness,
and Aggregate Crushing Values of RCA
RCA Mass loss %
Reference

LA Abrasion

Soundness

Yerian [93]

34-36

16.4

Snyder et al. [106]

20-45

Wen et al. [107]

20-29

Yehia and Abdelfatah [108]

21-35

Li [109]

27.3

Sri Ravindrarajah and Tam [110]

37-41

Liu et al. [111]

42

Kurda et al. [112]

43

Amer et al. [113]

51.5

Hansen and Narud [77]

22-41

Aggregate Crushing Value

23.2-28.4

Hansen [45]

0.9-58.9

Gokce et al. [103]

10-50

Abbas et al. [85]

13.6-42.1

Padmini et al. [76]

23-26

Katz [114]

24.3

Shayan and Xu [115]

24

Limbachiya [116]

17.5-22

Rakshvir and Barai [117]

26.2-28.1

Although the variability of the relative stiffness of those major phases in RCA is
complex, a few of the existing nanoindentation experiments have concluded that
those phases can have a large variability. Xiao et al. [29] performed a parametric
study on the variability of the material phases in RAC systems, and it showed that
the natural aggregate, adhered mortar, and old ITZ phases can range from 40-100
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GPa, 17.5-40 GPa, and 10-25 GPa in respective order. This study further showed
that, when RAC systems are loaded in uniaxial compression, higher compressive
stresses accumulated within the natural aggregate phases where lower compressive
stresses were observed at the ITZ regions.

Therefore, depending on the relative

stiffness distributions, the fracture initiation and the propagation can vary resulting
in different failure mechanisms in RAC systems compared to normal concrete [118].
Eventually, the stiffness affects the variability in the strength properties of RAC
systems.

2.4. 7

Aggregate Morphology

Depending on the aggregate crushing mechanism, RCA morphological properties can
have variations in maximum aggregate size, surface texture, angularity, and the shape
of the aggregates. The aggregate shape achieved during RCA production is mainly
based on different parameters such as sphericity, form, and roundness [119]. Sphericity
is a measure of the relative equivalence of the three principal axes or dimensions of
a particle. Pebble stone is a good example of an aggregate with a high sphericity.
Figure 2.6 shows how sphericity changes from a scale of 0 to 1 [120]. Form is the
measure of the relation between the three dimensions of a particle based on ratios
between the proportions of the long, medium, and short axes of the particle. And
the roundness of a particle is a measure of angularity of the edges and corners [68].
Besides the shape parameters, RCA can be influenced by other morphological factors
such as surface texture and roughness indices that primarily enhance the friction
between the aggregate and the surrounding mortar matrix [68].
Concrete with rounded gravel tends to have a 10-20% reduction in strength
compared to crushed aggregate concretes at normal strengths [23, 121].

This is

attributed to the lower strength of the gravel, and the smoother surface resulting in
a lower bond strength. As opposed to the round aggregates, more angular limestone
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High sphericity

Low sphericity

High angularity
0.12 – 0.17

Angular
0.17 – 0.25

Subangular
0.25 – 0.35

Sub rounded
0.35 – 0.49

Rounded
0.49 – 0.70

Well-rounded
0.70 – 1.00

Figure 2.6 Different sphericity levels in regular coarse aggregates.
Source: Hryciw et al. /120].

aggregates can create better mechanical interlock within the concrete system, such
that the concrete systems tend to show higher strength performances [1, 40]. In
addition to the morphological improvements, it has been shown that the relatively
higher compressive strength of the concrete with limestone coarse aggregate may be
due to some interfacial chemical reactions which can improve the bond strength [122] .
In essence, the existing research indicates that aggregates morphology, size, strength,
and chemistry may have a very complex impact on concrete properties [23, 122].

2.5

Recycled Aggregate Concrete Systems

RAC is a heterogeneous concrete system consisting of five different materials;
aggregate, mortar matrix, adhered mortar, new ITZ, and old ITZ. The ITZ phases are
generally considered as the bond zone regions between aggregate, mortar matrix and
the adhered mortar phases. The material phases that exist in an RAC system is shown
in Figure 2. 7 based on scanning electron microscopy images [29]. Experimental results
have confirmed that ITZs are directly related to the mechanical performance of an
RAC system [20, 123] . Additionally, the properties of adhered mortar and its contents
also have shown a major influence in the variability of the mechanical properties of
RAC systems. Therefore, understanding the mechanical behavior of RAC systems
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is very important as its performance metrics can be influenced by many factors in
the concrete system, such as individual material stiffness, properties of aggregates,
amount of adhered mortar, stress developments, damage patterns, etc. This section
is mainly dedicated to investigate the variations of the mechanical properties of RAC
systems reported in the literature, based on experimental and numerical results.
Mortar matrix
Natural aggregate

Adhered mortar

Adhered mortar
New ITZ

Old ITZ

Figure 2. 7 Scanning electron microscopy images of RAC system.
Source: Xiao et al. f29}.

2.5.1

Compressive Strength

The compressive strength is a hardened property of a concrete system which measures
the system's resistance to crushing. The compressive strength can be severely affected
by different types of factors including water-to-cement ratio, cement type, amount of
supplementary cementitious materials (i.e., fly ash, silica fume, or slag), admixtures,
curing conditions (i.e. , temperature, relative humidity) , load rate of testing, specimen
shape (i.e., cube or cylinder), and specimen size (i.e. , standard or cored samples) . In
terms of the aggregates are concerned, the strength properties of concrete systems
may vary depending on the aggregate strength, surface texture, maximum aggregate
size, and gradation. However, the strength properties can be manipulated based
upon the mixture design proportioning procedures in order to obtain desired target
strengths.
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Extensive work has been carried out to determine the compressive strength
of various RAC systems under normal mixing procedures [20, 21, 72-74, 98, 114,
124, 125]. It was found that the compressive strength of RAC systems are largely

controlled by the water-to-cement ratio when other factors were kept identical [77].
Experiments that have been completed based on 100% replacement levels of RCA have
shown that there was a strength reduction of 40% compared to a NAC system [126].
Due to the low strength properties of the aggregate system in RCA, the compressive
strength decreases with the increasing adhered mortar content or the replacement
level of RCA [20]. According to the experimental results for different RAC systems
with varying adhered mortar replacements of 25, 50, and 100%, it showed a lower
compressive strength of 20-25% than the NAC system [80]. Some experimental results
are shown in Table 2.11, signifying the strength variability of RAC systems compared
to the corresponding companion NAC systems. These experiments conclude that the
amount of replacement influences the compressive strength quite drastically in RAC
systems.
As explained previously, higher compressive strengths than NAC systems can
be expected by employing few adjustments in mixture proportioning procedures for
RAC systems. There are examples where the compressive strength have gained up to
80 MPa by using supplementary cementitious materials and chemical admixtures in

RAC systems [31]. Also, to gain such high values of compressive strengths in RAC
systems, these experiments have considered the contribution of higher strengths of
parent concrete of 60 MPa. This explains that higher strength properties of adhered
mortar (i.e., parent concrete) can yield higher compressive strengths in RAC systems.

2.5.2

Modulus of Elasticity

The stiffness of a material characterizes its elastic behavior [1] and is quantified using
the gradient based on the stress-strain relationship at 40% of the peak stress [131, 132].
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Table 2.11 Compressive Strength Reductions in RAC Systems Compared to an
Identical NAC System
RCA replacement

Reduction in RAC compressive

[%]

strength from the control system [%]

Padmini et al. [76]

100

10-35

Rahal [74]

100

3

Chen et al. [97]

17, 33, 50, 67

3Q-40

Reference

5-15

Rakshvir and Barai [117]
Katz [114]

100

25

Topi;u and ~engel [127]

30, 50, 70, 100

33

Ajdukiewicz and Kliszczewicz [128]

100

2.6-8

Yoda et al. [129]

20, 50, 100

2.5

Poon et al. [98]

20, 50, 100

9-20

Hu [130]

30, 50, 70, 100

0.6-13

With increasing amounts of RCA replacement content, the modulus of elasticity of the
RAC systems decreases. In general, the modulus of elasticity of RAC is 5-20% lower
than compared to a concrete system made of natural aggregates [76, 114, 133, 134].
Experimental testings for different RCA replacement levels of 0, 30, 50, 70, and 100%
showed that the corresponding RAC modulus of elasticity degraded by up to 45%
over the increasing replacement range [20]. The continuous degradation of the elastic
modulus was due to the inclusion of the adhered mortar, given that it is one of the
most porous materials in the aggregate system [135]. With regards to the aggregate
size on the elastic modulus of RAC, it was shown that the elastic modulus further
reduced with the reduction of the RCA particle size [76]. Table 2.12 summarizes the
reduction of the modulus of elasticity of RAC systems compared to the control NAC
system based on the experimented data available in the literature.
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Table 2.12 Modulus of Elasticity Reductions in RAC Systems Compared to an
Identical NAC System
RCA replacement

Reduction in RAC modulus of

[%]

elasticity from control system [%]

Xiao et al. [20]

0, 30, 50, 70, 100

45

Padmini et al. [76]

100

15-20

Bekoe et al. [133]

0, 25, 50

10

Khatib [134]

0, 25, 50, 100

20

Wei [136]

70, 30, 50, 100

20-21

Evangelista and de Brito [137]

30, 100

4-19

Hu [130]

30, 50, 70, 100

5.5-23.1

Kou et al. [101]

20, 50, 100

24.8-39.5

Casuccio et al. [138]

100

14.3

Belen et al. [139]

20, 50, 100

3.8-29.1

Reference

2.5.3

Tensile Strength

The tensile strength of concrete is dependent on the type of test, type of aggregate,
and the compressive strength of the concrete system [140]. The mostly used test for
measuring the concrete tensile strength is the splitting tensile test recommended by
ASTM C 496 [141]. Experimental works have shown that the tensile strength of the
RAC systems vary between 6-10% lower than that of NAC systems [45, 99, 142].
Contradictorily, other experimental work by Etxeberria et al. [80] found that the
tensile strength increased by 18% than compared to a NAC system. These findings
were due to higher absorption capacity in the adhered mortar portion of RCA.
Therefore, the effective water-to-cement ratio of the system will be reduced such that
a stronger mortar matrix with less capillary voids will be formed. This contributed
in showing higher strength properties in the concrete systems.
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Considering high

performance concrete, it was found that such systems with natural aggregates always
produced higher tensile strength properties compared to that of similar systems with
RCA [31]. The difference of these two systems was not larger than 10% in tensile
strengths. Table 2.13 shows the change in tensile strengths between RAC and NAC
systems based on several experimental studies.
Table 2.13 Tensile Strength Changes in RAC Systems Compared to an Identical
NAC System
RCA replacement

Change in RAC tensile

[%]

strength from control system [%]

Ajdukiewicz and Kliszczewicz [31]

100

10% decrease

Etxeberria et al. [80]

25, 50, 100

18% increase, 2% decrease

Katz [114]

100

13% decrease

Safiuddin et al. [143]

30, 50, 70, 100

no change

Wei [136]

30, 70, 50, 100

7% decrease

Hu [130]

30, 50, 70, 100

4.2% decrease

Yang et al. [144]

30, 50, 100

2.3-25.5% decrease

Choi et al. [145]

30, 50, 100

4.2% decrease

Kumutha and Vijai [146]

20, 40, 60, 80, 100

6.1-36.4% decrease

Nepomuceno et al. [147]

10, 30, 50, 75

0.6-22% decrease

Reference

2.5.4

Flexural Strength

For RAC systems, the flexural capacity could be either low or marginally higher
than a NAC system. The majority of the experimental findings reported that the
flexural strength is quite lower than compared to a NAC system [20, 45, 76]. However,
Abou-Zeid et al. [148] showed that the flexural strength can be marginally higher in
RAC systems than a NAC system, given the higher aggregate surface texture in RCA.
Different texture patterns in aggregates and roughness indices of the adhered mortar
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are more capable of providing higher bond resistance against flexural deformations.
Table 2.14 shows a comparison of flexural strength experiments for various RAC
systems and NAC systems.
Table 2.14 Flexural Strength Reductions in RAC Systems Compared to an Identical
NAC System

RCA replacement

Reduction in RAC flexural

[%]

strength from control system [%]

Chen et al. [97]

0, 17, 33, 50, 67

10-25

Wei [136]

30, 50, 70, 100

2

Hu [130]

30,50,70,100

7

Nepomuceno et al. [147]

10, 30, 50, 75

1.5-5.8

Kumutha and Vijai [146]

20, 40, 60, 80, 100

51

Katz [114]

100

15

Yang et al. [144]

30, 50, 100

20

Top<;u and ~engel [127]

30, 50, 70, 100

13

Hu [149]

30, 50, 70, 100

8.6

Safiuddin et al. [143]

0, 30, 50, 70, 100

no change

Limbachiya et al. [100]

30, 50, 100

3% increase

Reference

2.5.5

Shrinkage and Creep

Shrinkage is a predominant concern in RAC systems due to the presence of adhered
mortar. Research has shown that drying shrinkage in RAC systems can exhibit twice
as much as shrinkage compared to a NAC system with a similar mixture proportion
[150]. Depending on the amount of adhered mortar content, the degree of volume
stability increases as more water is susceptible to move and collapse the capillary
pores within the RAC microstructure. Therefore, the drying shrinkage of RAC can
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be increased with the amount of adhered mortar content in the system [134, 150].
It was found that higher paste contents of RAC systems provided lower resistance
against shrinkage compared to a similar kind of concrete system made of natural
aggregates [25, 151].
Natural aggregates are excellent in restraining the creep effects in concrete
systems, therefore, by lowering the natural aggregate content, the RAC exhibits low
resistance against creep deformations. Experimentally, creep in RAC systems is high
as 24-60% than compared to a NAC system [45, 150]. Also, it has been shown that,
when the amount of RCA replacement was increased, the amount of expected creep
had become significantly large in the RAC system.

2.5.6

Fracture Energy

Considering the future design of RAC-based structures, understanding the fracture
mechanics, fracture energy, and the post-peak softening response of such systems
are extremely important. The most direct way to determine the fracture energy of
concrete is by performing a uniaxial tensile test in which the entire load-deformation
curve is established. However, due to the lack of proper laboratory equipment to
conduct this, the fracture energy of a concrete system is generally quantified based
on the load-deformation curve for a notched beam loaded in flexure [152] as shown in
the Figure 2.8.
The fracture process zone is created when micro-cracks in concrete originate
from strain localization that develops ahead of the crack tip [1]. The fracture energy

(Gr) is calculated by computing the area under the load-deflection curve and dividing
it by the net cross-section of the specimen.

Concrete systems that have higher

fracture energy, are more robust in bond strengths compared to a lower fracture
energy concrete systems having similar tensile strength [153]. Research work led by
Ong and Ravindrarajah [154] showed that, when the aggregate volume was increased

41

Load Application
Load
Net
Area
Gf

l
Deflection

(a)

(b)

(c)

Figure 2.8 Notched beam specimen recommended by RILEM used for measuring
fracture energy of concrete systems; (a) test specimen (b) test specimen cross-section
(c) corresponding load-deflection curve.

in the RAC system, a large area was subjected to be cracked. Further, this study
concluded that the RAC systems were low in fracture energy due to the weaker bond
between the mortar matrix and the RCA, where it causes less complex micro-cracking
and consumes less energy upon cracking. Similar trends were observed numerically by
Casuccio et al. [138] and it was reported that, RAC systems had 27- 45% less fracture
energy compared to a NAC system. Further considering the maximum aggregate size,
it has a direct influence on the fracture energy, and thus, a weak bond zone (i.e., old
ITZ) in the RCA, the fracture energy is much more relative depending on the quality
of old ITZ [155].

2.6

Damage in Recycled Aggregate Concrete

Damage of RAC is caused when changes in the material microstructure occur due
to the external loading effects (e.g. , expansion, contraction, axial tension, axial
compression, flexure, shear, etc.), which ultimately results in cracking or material
failure.

RCA particles have undergone more initial damage due to the crushing

operation compared to a natural aggregate. This pre-damage concentrated in the
boundaries of the RCA as micro-cracks and micro-defects even before the concrete is
being used to resist loading [26] .
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With the initial damage of the RCA, its propagation starts as the RAC systems
are loaded externally. In an RAC system, the damage propagation may be seen as
a crack development process. The micro-structure of the RAC certainly differs from
that of a NAC, due to the presence of adhered mortar and the old ITZ. Therefore, the
fracture progression of RAC is far more different and complicated from NAC fracture

[26].
One of the causes of damage progression starts due to the material heterogeneity
in the concrete system. This variety of individual material properties can promote
different failure patterns upon external loads, as such, more stresses may concentrate
at material boundaries.

The material boundaries of RAC systems are relatively

weaker as they have properties of a typical ITZ micro-structure [156-158], and the
damage will be focused in new ITZ and the old ITZ. In addition to the interfacial
failure, there are other several failure possibilities in RAC systems can be expected
as explained in the Figure 2.9 [57].

These failure processes are extensively used

in modeled RAC systems which are composed of the new mortar matrix, old mortar
strip, and circular RAC disks embedded in a rectangular array. This type of modeling
technique can be used to investigate the relation between the mesa-structure of each
phase and the mechanical behavior of RAC systems [27].

2.6.1

Modeled Recycled Aggregate Concrete

Due to the material heterogeneity, it is difficult to examine the internal crack pattern
of concrete under loading. The concrete is idealized by a physical model consisting of
circular discs of aggregates with uniform size, embedded in a rectangular array inside
a mortar matrix to form a thin slab.
Modeled aggregate specimens may contain different number of embedded
limestone (or granite) aggregates (i.e., 1, 5, or 9 aggregates) to establish the
relationship between the fundamental fracture processes. This aggregate is obtained
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Failure type: Through mortar matrix
Mechanism: The tensile strength of the
new mortar governs the fracture path

I

$

Failure type: Through adhered mortar
Mechanism: The tensile strength of the
adhered mortar governs the fracture path

I

1

I

,

Failure type: Through new ITZ
Mechanism: The bond/shear strength
of the new ITZ governs the fracture
path

Failure type: Through the natural aggregate
Mechanism: The tensile strength of the
natural aggregate governs the fracture path

I

~

Failure type: Through the old ITZ
Mechanism: The bond/shear strength
of the old ITZ governs the fracture
path

I

Natural aggregate

□

Adhered mortar

□

Mortar matrix

Figure 2.9 Possible failure types in RAC systems.
Source: Adapted from Butler /57].

as a cylindrical shape, and each aggregate will be placed within a wooden circular
mold (i.e. , larger in diameter than the aggregate disks) and mortar is poured around
the aggregate(s). This added mortar around the aggregate(s) represents the adhered
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mortar in a typical RCA particle. After the specified days of moist curing (e.g., 28
days), the aggregate-mortar system is cored out consisting with a circular mortar strip
attached to the aggregate. This particle is called as modeled RCA. Several modeled
RCAs are then placed on a squared steel mold in a certain array depending on how
much modeled RCAs will be tested to understand the crack evolution. Similarly, NAC
systems can be modeled in the same way, and the difference of such idealized concrete
systems are depicted in the Figure 2.10 based on an experimental work carried out
by Li et al. [28].

000
000
000

Legend
Aggregate
New mortar matrix
Adhered mortar

150 mm

150 mm

(a)

(b)

(c)

Figure 2.10 Modeled aggregates used in establishing fracture processes; (a)
modeled NAC system (b) modeled RAC system (c) material legend.
Source: Adapted from Li et al. /28}.

The modeled RAC is an idealization for an actual RAC systems to test different
fracture processes. The method has been used by researchers in previously published
studies [29, 118, 124] . The applicability of such idealized system has been already
experimented and compared by Xiao et al. [118] with a traditional RAC system,
and the results have shown good correlation. The test results of modeled RAC can
explain the fracture process of RAC and provide effective information to investigate
the relationship between the mechanical properties of each phase and the macro-scale
mechanical properties of RAC. Further, this study stated that these two concrete
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systems are identical in both initiation and propagation of cracks within the ITZ
regions. Later, the efficiency and the accuracy were tested of this modeled RAC
systems through a comparison of a finite element simulation and an experimental
approach by Xiao et al. [124].

It was concluded that the modeled RAC system

stress-strain properties were in exact match with the same properties exhibited in
the experimental approach. Figure 2.11 shows the comparison of the stress-strain
relationship results with corresponding damage mode obtained from both numerical
and experimental approaches.
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Figure 2.11 Micro-scale crack development at different compressive loading levels;
(a) 45% of peak load (b) 75% of peak load (c) 100% of peak load (d) failure mode
scale.
Source: Xiao et al. {124/.

Although modeled RAC systems are capable of revealing the damage patterns
due to stiffness effects of different material phases in RAC, it has limitations on
the applicability to examine the morphological effects of the aggregates. Therefore,
modeled RAC systems can no longer be used to study the crack initiation and
propagation due to the effects of aggregate shape and angularity. Hence, it is essential
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to look at different ways to assess the damage evolution in RAC systems through
another method.

2.6.2

Crack Patterns and Failure Modes

Based on an experimental study conducted by Li et al. [28], it was shown that the
first bond cracks appeared in the old ITZ and new ITZ regions, then it began to
increase the crack length, width, and the number of cracks. This study further claimed
that as the loading is increased, the bond cracks increased until a majority of the
cracks were propagated around the aggregates. Although the specimens were loaded
under compression, the fracture propagation showed mixed modes of cracking such
as compression-shear type of failure at initial loading stages. However, the governing
principal fracture mode at larger loading stages was found to be in tension (i.e.,
opening mode). In addition to the ITZ crack paths, the mortar matrix was also
subjected to crack near the peak load, and later, these two types of cracks coalesced
with each other and reached a global failure of the specimen. The crack orientation
is generally parallel to the direction of the applied load.
A representative failure pattern of a modeled RAC system is shown in
Figure 2.12 under uniaxial compression. The crack marked with A, in Figure 2.12(b)
had a tendency to propagate parallel to the loading direction in the mortar matrix.
Mostly the type A cracks have gone around the modeled aggregate, although
sometimes they have passed through the aggregate as well. Cracks marked with
B shows opening cracks in lateral direction, which implies that only mode I cracking
exists. On the other hand, the crack marked with C reveals both lateral and vertical
openings, indicating a mixed mode cracking. In summary, it can be concluded that
due to the material heterogeneity, different fracture modes can be observed that lead
to a complete failure of the RAC systems.
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Figure 2.12 Crack patterns in a modeled RAC system under uniaxial compression;
(a) failure pattern (b) crack width in millimeters.
Source: Li et al. /28].
2.6.3

Stress-strain Relationships of RAC Systems Under Compression
and Tension

The stress-strain relationship of concrete is of great significance for the design of
concrete components and is a foundation of nonlinear analysis in understanding
concrete.

For concrete materials in particular, many studies have investigated

behavior through stress-strain curves [20, 111, 159- 161] . Although RAC systems are
more heterogeneous than a traditional concrete system made with natural aggregates,
the stress-strain relationships exhibit similar behavior in shape [162]. Bairagi et al.
[163] observed that the curvature of the ascending branch in the stress-strain curve

increased as the amount of RCA replacement level was increased. This leads to
decrease the elastic modulus of the RAC system, and consequently, the brittle
properties are increased with the amount of RCA replacement level.

However,

higher adhered mortar contents attached in the concrete system improves stiffness
compatibility across the RAC system, such that it can show higher peak strain
capacities [24]. Since adhered mortar is a cementitious material with lower mechanical
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properties than the natural aggregate, the corresponding peak stress, toughness,
plastic energy capacity, and elastic energy decrease with increasing RCA replacement
level [18] . Representative material behavior of four RAC systems with varying RCA
replacement levels including 30%, 50%, 70%, and 100% with a natural aggregate
concrete system (i.e., 0% RCA replacement level) are shown in Figure 2.13. These
stress-strain curves exhibit how RAC systems behave against varying levels of RCA
contents under the applied compressive loading criteria [20]. As shown, curvature
of the ascending portion increased with the amount of RCA replacement. The peak
stress and the slope of the linear portion of the loading curve was found to be inversely
proportional to the RCA replacement level.
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Figure 2.13 Stress-strain curves for 0%, 30%, 50%, 70%, and 100% RAC systems
under compression.
Source: Xiao et al. [20}.

Guo et al. [164] developed an analytical approach to predict the constitutive
material behavior of regular concrete systems. Xiao et al. [20] used the relationships
and calibrated the behavior into appropriate RAC systems through adopting an
experimental data regression analysis for RCA replacement levels including 0% (i.e.,
natural aggregate - NA) 30%, 50%, 70%, and 100%. The experimental results and
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the predicted results are shown in Figure 2.14 normalized with respect to the peak
responses (i.e., peak strain, Eo and peak stress, Jc), and the comparison was in
excellent agreements with each other. Higher correlation of the calibrated material
behavior of RAC systems and the regular concrete material provides a significant
implication that RAC systems are also versatile materials that have the ability to
perform in similar behavior under uniaxial loading. However, it should be noted that
the effect of the adhered mortar can be unpredictable due to the high variability of
the material properties and its contents, and therefore, the material behavior may
show sporadic variations.
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The gradient of the ascending portion of stress-strain curve under compression
provides the modulus of elasticity, which is also a stiffness related property of the
material being tested. Due to the inclusion of adhered mortar associated with the
increased RCA replacement level, the overall stiffness is reduced and therefore, it
exhibits a lower elastic modulus compared to companion concrete systems made with
natural aggregates [20, 74, 101, 134, 165]. With the increased amount of adhered
mortar, the brittle nature of RCA increases. However, due to the reduced elastic
modulus of RAC systems, it was found that the peak strain capacities are higher as
the concrete systems can undergo larger deformation levels under elastic conditions
[20, 24, 76, 166]. The ultimate strain is also a factor that governed by the amount of
replacement level. According to Xiao et al. [20], the experimental studies showed that
for smaller values of RCA replacement level (e.g., less than 40%), the ultimate strain
decreased, while at higher RCA replacement level (e.g., higher than 60%), a higher
ultimate strain can be anticipated. This indicated that fluctuation of the strain levels
is a function of adhered mortar and the ITZ distribution across the material [111]
which will determine whether the material has the ability to deform further with
lower elastic modulus, or fail under interfacial fracture.
A large statistical study was completed by Xiao et al. [125] to investigate
the variability of stress-strain relationships of RAC systems with varying RCA
replacement levels through an extensive experimental program.

As shown in

Figure 2.15, the experiments included 10 RAC mixtures for each RCA replacement
level for 30%, 50%, 70%, and 100%, and the stress-strain responses were compared
with control concrete systems (six concrete systems) with no RCA replacements. In
this study, the statistical analysis of parameters indicated that the RAC system has
more variable characteristic indices than natural aggregate concrete systems due to
the inclusion of adhered mortar. However, the overall results from the experimental
work showed that the stress-strain curve did not appear significant variations other
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than slight strength reductions as a result of high quality RCA were used. This
is confirmed by the moderate variability observed in this study where relatively
high quality RCA was used. Accounting for potential variability in the stress-strain
relationship of RAC systems is highly important to achieve more realistic prediction
of the concrete material behavior made with RCA under load in practice. Therefore,
it is certain that the variability is a major factor when the aggregate quality is
concerned, and such variability issues need to be accounted when considering the RAC
performance from multiple RCA sources. However, there is a lack of comprehensive
analytical investigation to incorporate such variability effects in currently available
stress-strain constitutive models. Hence, further research is required to investigate
the variabilities caused by the RCA materials obtained from different waste concrete
sources.
Although concrete materials show poor performance under tension, researchers
have still used different ways to quantify the material behavior under experimental
and numerical methods [111, 167, 168]. Since ITZ zones are considered to be the
weakest link in concrete [169], the failure mechanism under tension is promoted
by the interfacial tensile fracture.

Therefore, stress-strain curves can be used to

characterize the material behavior and the failure mechanism subjected to uniaxial
tensile loadings. RAC system is a material that has a widespread distribution of both
old and new ITZ, the cracking propensity of the material under uniaxial tension is
higher than that of natural aggregate concrete systems. An experimental test setup
was developed by Liu et al. [111] to obtain the tensile strength of RAC systems with
various RCA replacement levels, which was subjected to a uniaxial tensile loading
sequence. The specimen shape adopted in this study was similar to a dumbbell, such
that the end conditions of the specimen was able to grip through a clamping device.
Upon inspection after the tensile failure of RAC systems, it was clearly observed
that the majority of the cracks appeared in the new mortar meandering through the
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old ITZ. Further, the test indicated that very few cracks were observable through
the ITZ region between the old mortar and the new mortar. This was attributed
to the good bonding action associated with the rough surface texture in the old
mortar that adhered the new paste throughout its initial curing period. Although the
RAC systems under uniaxial tensile response have not been experimented extensively
due to the lack of proper equipment, the literature findings confirm that the tensile
response of RAC systems are mostly governed by the fracture properties in the
material phases and special considerations need to be conveyed to the ITZ phases as
they can accelerate the failure mechanism displaying high variability in performance
[31, 123, 167, 170].

2.6.4

Use of Lattice Models in Failure Processes

The lattice model was first developed by Schlangen and Van Mier, and is usually
used to simulate the crack growth in concrete. [171, 172]. The basic idea of a lattice
model analysis is dispersing the material into a lattice structure consisting of bar
elements (i.e., truss elements) or beam elements. Based on the required mechanical
properties of brittle materials, a lattice model with bar elements was proposed by
Xiao et al. [168]. Compared to a conventional lattice model developed by Schlangen
and Van Mier [172] which is shown in Figure 2.16(a), this study proposed a modified
lattice model which consisted of vertical and tilted elements with hinged connection
as shown in Figure 2.16(b). Based on the micro-structure, the RAC system was
modeled using the modified lattice structure as shown in Figure 2.17.
This lattice model simulation developed by Xiao et al. [168] was compared
with a parallel experimental study consisting of RAC systems under both uniaxial
tension and compression. Stress-strain properties were obtained from simulations
and testings, and the results showed that, the initial ascending stress-strain behavior
was approximately similar for both tensile and compressive responses leading up to
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(a)
Figure 2.16
model.

(b)

Lattice structure; (a) conventional lattice model (b) modified lattice

Source: Schlangen and Van Mier /172] f3 Xiao et al. /168].

Old ITZ
NewlTZ
Natural Aggregate
Adhered mortar

X

Mortar matrix

Figure 2.17 Lattice structure developed with representative material phases in an
RAC system.
Source: Xiao et al. /168].

the peak load. However, by looking at the stress-strain behaviors in these concrete
samples made of RCA (i.e., 30% replacement) in each loading scheme given in
Figure 2.18, it can be seen that the descending portion of the plots did not show

55

a perfect correlation. One of the reasons that the author stated on the post-peak
behavior of the lattice model did not match with the experimental results, was due to
the brittleness of the lattice model was more critical than the real concrete material.
Therefore, the behavior should have been simulated in a three-dimensional space
with beam elements. With regards to the damage parameters in both systems, it was
noted that the cracks were initially concentrated within the ITZs for both numerical
and experimental testing approaches (similar damage behavior was observed in
[30, 111, 173]).
Further extensions of numerical applications were developed to model concretelike materials and predict the damage initiation and failure propagation. Bazant et al.
[174] developed a numerical truss model for circular aggregate composite materials
to simulate crack propagation and localization. Schorn and Rode [175] established a
framework model to research the damage process and the crack propagation of 3D
models consisting of spherical aggregates. Schlangen and Van Mier [172] presented a
2-D (circular aggregate meshed by triangular elements) and Lilliu and van Mier [176]
developed a 3-D (spherical aggregate meshed by beam element) lattice model to study
the typical crack face and fracture processes in concrete. Although there are multiple
material modeling techniques are currently available for normal concrete materials,
the application of such models has been limited in the RAC systems because of the
complex geometry and the unpredictabilities associated with the attached mortar in
the aggregate system. Therefore, new modeling techniques need to be implemented
such that the realistic behaviors are predicted accurately.

2.7

Random Aggregate Structure (RAS) in Numerical Modeling

When considering the aggregate morphologies such as shape, size, and angularity,
the mesa-structure of the concrete needs to be realistically simulated as a multiphase composite material consisting of aggregates and mortar matrix including

56

3.5

ca

ll.

:!,
Ill
Ill

....f
t/J

JS

-....

3.0
2.5

ca

25

:iiE

20

Ill
Ill

15

ll.

2.0
1.5

.......
t/J
G)

:p
~~

1.0

jl

0.5

R00-30. 1
30

10
5

I

0.0

0

0

50

100

Strain [×

−

0

150

0.001

0.002

0.003

0.004

0.005

0.006

Strain

]

(a)

(b)

Figure 2.18 Comparison of a lattice model simulation and experimental approach;
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Source: Xiao et al. {168}.

the boundary elements. In general, two types of morphological models for coarse
aggregates can be adopted using elliptical [177, 178] or polygonal shapes [179] in
two-dimension, and ellipsoids [180- 182] or polyhedrons [183, 184] in three-dimension.
However, applications of random aggregate generation models for RAC systems have
not been implemented due to the complexity involved in the two-phased aggregate
system. For example, the amount and the location of the adhered mortar, and the
distribution of the ITZ phases in the meso-scale needs to be accounted in the aggregate
generation, such that it represents a stochastically distributed actual concrete system.
For this purpose, a meso-level aggregate structure can be utilized in a concrete system
as a three-phased composite material; natural aggregates, adhered mortar, and mortar
matrix where fine aggregates are dispersed in it [185] . The following subsections
discuss the available methodologies that have been used to generate coarse aggregate
types (e.g., round and crushed aggregates) in a mesoscopic concrete system whereas
the random aggregate structure (RAS) are generated adopting the randomness of the
shape and the location of the aggregate in the concrete system.
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2.7.1

Gravel Aggregate Generation

Wang et al. [179] developed a meso-level aggregate structure for gravel aggregates (i.e.,
round aggregate), incorporating a polar coordinate system as shown in Figure 2.19(a)
based on randomly generated numbers that determine the morphology of the
aggregate. The geometry of the aggregate was determined in terms of two variables;
the polar radius

T,

and the polar angle 0 as shown in Equation (2.3) in which A 0 is

the average radius of the aggregate,

Cl'.j

is a random number that varies between 0

and 21r, and Ai is based on the relation given in Equation (2.4) that considers the
morphological law proposed by Beddow and Meloy [186], where p and bare parameters
characterizing the shape of the set of particles. A sample aggregate generation is
depicted in Figure 2.19(b).
m

T = T(0) = A 0 + LAi.cos(j0 + aj)

(2.3)

j=l

log (

2.7.2

1~) =

-p.log(j) - b

(2.4)

Crushed Aggregate Generation

Unlike round particles, crushed aggregates are more angular, flaky, and elongated in
shape, due to the crushing operation during its production. An aggregate generation
method was proposed by Wang et al. [179], based on randomly generated polygons
to characterize the aggregate shape similar to a crushed aggregate. The shape of the
aggregate was fundamentally dependent on the number of sides n, polar angle
and the polar radii

Ti

of the n vertices.

0i,

was considered to vary within O and 21r,

0i

where the randomization of polar angles were included by multiplying a randomly
generated number, 'T/i between O and 1 as shown in Equation (2.5). In order to
complete a full aggregate,

0i

was rearranged in an ascending order in the first place,

with the increasing i. In addition to this,

Ti
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was distributed randomly, according to

the Equation (2.6) , where A 0 and A 1 are the maximum and minimum aggregate radii
in the gradation curve adopted. Example of such aggregate generation are depicted
in Figure 2.19(c).

(2.5)

(2.6)

j +1
j +2

j
rj
θj

(a)

(b)

(c)

Figure 2.19 Aggregate structures; (a) aggregates created using polar coordinates
(b) random aggregate structure for gravel aggregates (c) random aggregate structure
for crushed aggregates.
Source: Wang et al. /119).

2.7.3

Computational Geometries of RAC Systems and Finite Element
Modeling

A substantial amount of research has been initiated to model concrete geometries
considering their multiple phases and interactions at micro- and meso-level [166,
170, 179, 187- 192] . In mesoscopic level, concrete materials can be modeled in two
approaches; digital image-based method, and parameterization modeling approach.
The digital image-based method is capable of capturing the actual geometries of
concrete systems through cameras, microscopes, or more advanced 3-D techniques
where the images are then converted into a finite element mesh [193- 195].
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In

parameterization method, both indirect and direct algorithms can be utilized
to generate different concrete material mesostructures.

Under indirect modeling

approach, the heterogeneous material properties are assigned as a spatially varying
random fields and transposed into finite element meshes. The direct method assigns
the material properties explicitly into the finite element mesh.
To develop a meso-level numerical model for a concrete system consisting of
natural aggregates, Wang et al. [190] generated a series of NAC systems with circular,
elliptical, and polygonal aggregates using convex hull algorithm to simulate the
stress-strain characteristics under uniaxial tension. In this study, gravel aggregates
were simulated through the circular and elliptical shapes, whereas the crushed
aggregates were represented by the polygonal shapes. Once the aggregate generation
was completed, the RAS was imported onto a finite element program, and the
numerical part was initiated. Three different shapes that were generated using the
convex hull algorithm as shown in Figure 2.20. The applicability of such random
aggregate structures using convex hull algorithms in RCA seemed to be extremely low,
and therefore, new modeling techniques need to be implemented for RAC systems.

(a)

(b)

(c)

Figure 2.20 Aggregate generation using convex hull algorithm; (a) circular
aggregates (b) elliptical aggregates (c) polygonal aggregates.
Source: Wang et al. /190}.
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At the meso-level, the structure of RAC system is regarded as a five-phase
system that has unique mechanical properties. Since each of these phases individually
or collectively influence the material behavior of the concrete system, the modeling
procedure needs to incorporate all the material phases in the random generation. A
numerical modeling approach developed by Wang et al. [196] simulated the damage
mechanism using base force element method on RAC prisms. The random aggregate
model for RAC system was modeled through circular shapes as shown in Figure 2.21.
For optimum density and strength, the cumulative distribution function derived from
the Fuller curve [197] by Walraven and Reinhardt [198] was chosen to randomize
the aggregate size. In this aggregate generation, Monte Carlo's random sampling
technique was used along with the "Take and Place" method proposed by Wang
et al. [179] to randomly locate the aggregates. During the material modeling phase,
the ITZ phases between the aggregate and the cementitious mortar was assigned
a thickness of 0.5 mm, even though the actual values may vary between 50-60 µm

[29, 199, 200]. Similar aggregate generation approach has been adopted by Xiao et al.
[168] where a FORTRAN program was used to develop Monte Carlo methods for
aggregate generation.
Apart from the aggregate generation techniques, selecting an appropriate
damage constitutive model that is used to simulate the concrete material behavior
is also another important parameter to predict reliable RAC responses.

RAC is

considered a quasi-brittle material, in which brittle failure is mainly caused by the
initiation and propagation of micro-cracks under loading.

In recent years, many

damage constitutive models have been developed to define the mechanical properties
of concrete [201-203], and have widely used the finite element methods [167, 204].
Material behavior of RAC systems have also modeled considering the stiffness matrix
degradation behavior of the five phases of RAC represented by a bilinear damage
model [196].

Total strain-based crack models have also developed to model the
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(b)

Figure 2.21 Random aggregate structure; (a) aggregate geometry (b) numerical
model.
Source: Wang et al. /196}.

smeared approach for the fracture energy of multi-phasic materials in the concrete
[205 , 206].

Currently, a majority of the damage constitutive models have not been deployed
in RAC materials due to the lack of RCA aggregate generation with randomized
adhered mortar attachments.

It is understandable that the actual geometry of

the RCA particle can be very complex associated with the material heterogeneity
and morphological properties, however , further research needs to be developed,
such that these aggregate characteristics are allocated into the aggregate generation
methodologies and simulate the material responses under applied loads for accurate
results.
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2.8

Summary and Continuation of the Research

Chapter 2 presented the background information on mechanical properties, material
behavior and the damage propagation of RAC systems under applied loads, and the
current knowledge of the RAC strength variabilities based on the existing studies
reported in the literature.
The physical and mechanical properties of RCA were discussed, and it showed
that RCA had lower strength characteristics due to the existence of adhered mortar.
Concrete hydrated phases in adhered mortar have strength components (i.e., C-S-H)
as well as the porous regions and thus, properties of RCA is highly dependent on
the type of the concrete that is used to produce RCA as aggregates. Therefore,
the relative difference of the properties between the adhered mortar and the natural
aggregate phases that are attached together have a coupled material effect on the
concrete performance. The variability of the material properties of the adhered mortar
influenced the macro-scale hardened properties in RAC systems due to the stiffness
heterogeneity in the aggregate geometry. Unlike natural aggregates, RCA materials
are subjected to larger stress concentrations upon the applied loading schemes as a
results of the material stiffness incompatibility. Although the stress concentration
effects cannot be eliminated in RAC systems, it can be alleviated by making concrete
with RCA that are obtained from high strength waste concrete such that, the relative
stiffness effects are reduced in the concrete system.
The majority of studies in the literature discuss the performance of RAC
systems with the effects of mixture design proportion methods, material properties,
mechanical properties, and the ways to improve RAC strength performances. Since
RAC systems show a wide range of mechanical property variabilities due to the
RCA material diversity, implementations of technical guidance and the guidelines
development for producing predictable RAC systems need to be promoted as a
continuation of the existing research understanding on RAC systems. In this research,
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the variability effects of RCA materials, aggregate morphology of RCA materials in
concrete, stochasticity of cementitious materials in RAC systems, and large-scale
statistical database analysis are carried out to eventually establish a mixture design
guideline for RAC systems for a designed strength requirements.

Therefore, in

continuation of this dissertation, the following chapters are prepared to meet the
research objectives discussed in Chapter 1, and the conclusions are drawn separately
for each study.
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CHAPTER 3
UNDERSTANDING VARIABILITY IN RECYCLED AGGREGATE
CONCRETE MECHANICAL PROPERTIES THROUGH NUMERICAL
SIMULATION AND STATISTICAL EVALUATION

3.1

Introduction

Fine and coarse aggregates occupy between 60 and 75% of the volume of a typical
concrete mixture (70 to 85% by mass) [2].

With global consumption rate of

concrete approaching 25 gigatonnes (Gt), each year [207], the production and use
of high-quality aggregates draws on natural resources and brings into question the
long-term sustainability of concrete production [10,208,209]. Due to the vast concrete
consumption, the global demand for construction aggregates have exceeded 26.8
billion tons per year [4]. Therefore, in recent years, a new trend has emerged to use
recycled materials in the production of concrete [18, 58]. Reusing demolished concrete
as an aggregate supply has been used to address economic, environmental, and
material constraint concerns related to the production of concrete systems [5, 10, 11].
Although recycled aggregate concrete (RAC) systems can improve material
and environmental constraints in the production of concrete materials, variations
in mechanical properties [21, 210] and durability [96, 127, 211-213] performances of
RAC systems must also be considered. For example, researchers have found that
the use of recycled aggregates in concrete can reduce the compressive strength and
elastic modulus of concrete materials [19-21, 28, 80]. While reductions in certain
mechanical properties have been observed, RAC systems have also been shown to
have lower stress development rates in shrinkage testing, leading to better cracking
resistance in comparison to traditional concrete systems [25].

Variations in the

mechanical properties of RACs can be attributed to changes at various length-scales
of the system. A concrete material can be modeled at various length scales such as
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the micro-level (microstructure of mortar), meso-level (particle structure and overall
mortar structure), and macro-level (continuum structure) [214] . RAC systems have
fundamentally different meso-level structures than traditional concrete. Specifically,
natural aggregates in a traditional concrete system are replaced with a natural
aggregate with some adhered mortar attached to it in an RAC system. Changes at the
RAC meso-level scale affect the stiffness, stress development, and overall mechanical
properties of the macro-level structure. RAC consists of five different materials that
have unique mechanical properties containing aggregate, mortar matrix, adhered
mortar, new Interfacial Transition Zone (ITZ), and old ITZ as shown in Figure 3.1.

Mortar Matrix

New Interfacial Transition Zone

Old Interfacial Transition Zone

Adhered
Mortar
Natural Aggregate

Figure 3.1 Schematic of a typical recycled concrete aggregate particle.
Variations in mechanical properties (e.g., stiffness, compressive strength, tensile
strength, etc.) of the material constituents of an RAC ultimately affect the system's
compressive strength, elastic modulus, and toughness [165].

Another factor that

influences performance of RAC systems is the adhered mortar content, which is given
as a ratio of the total weight of adhered mortar to the total weight of the aggregate
content [215, 216] . The previous studies conducted on RAC mechanical properties
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concluded that the compressive strength is inversely proportional to the adhered
mortar content [18, 20]. However, in consideration of other sets of experimental data
available, it was reported that the RAC mechanical properties such as compressive
strength, elastic modulus, and hardness showed contradicting trends [7, 80]. The
difference in conclusions was due to qualitative aspects of the recycled aggregates
including the specific gravity of the recycled aggregates [144], moisture content [98,
217], and quality of the parent concrete [76]. It was found that the stress-strain
relationship for RAC was similar in shape to that of normal concrete [162], and
the stress-strain curves of systems with different adhered mortar content percentages
followed similar trends [163]. Many studies have also reported that lower mechanical
properties of RAC systems are due to a weak link of the ITZ which then initiates
damage [123, 158]. Studies have been conducted to improve the interface by using
different aggregate morphologies such as surface texture, shape, and angularity [23,
218].
Although extensive research has been carried out to understand the behavior of
RAC materials, practical engineering applications of RAC systems remain limited
outside of non-structural uses [219].

Limited application of RAC systems is, in

part, due to variability in mechanical performance. Understanding the statistical
variation in mechanical properties of RAC is important to develop a reliable
material for structures utilizing RAC systems [21]. Early studies on variability in
performance have shown that the coefficient of variation of the compressive strength
of laboratory-produced RAC is not significantly different from concrete made with
natural aggregate.

This difference was quantified through a statistical strength

parameter test, and it showed that the coefficient of variation of the compressive
strength was 4.6% for RAC systems and 3.5% for normal concrete systems, making
the difference between the two systems as low as 1.5% [220].
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This chapter investigates the variability in mechanical properties of RAC
systems in terms of compressive strength, elastic modulus, and strain reached
at compressive softening through statistical evaluation and numerical simulation.
Variability in mechanical properties is investigated by varying adhered mortar content
and constituent stiffnesses at the meso-level structure. Statistical observations were
acquired through a series of two-dimensional finite element simulations for RAC
specimens subjected to uniaxial compression. Numerical simulation and statistical
sensitivity results are analyzed to understand (1) stress development in RAC systems,
(2) the relative influence that adhered mortar content and constituents stiffnesses have
on RAC system performance, and (3) variability in expected mechanical properties of
RAC systems. The numerical and statistical results are analyzed to understand how
variability in RAC mechanical performance can be accounted for in design of RAC
systems.

3.2
3.2.1

Numerical Simulation Framework

Finite Element Model

A finite element program, DIANA Release 10.1, was adopted to simulate the response
of the RAC systems [221]. A 100 mm x 100 mm RAC specimen was subjected to
uniaxial compression using two-dimensional plane stress analysis. The thickness of
the specimen was 100 mm. Aggregate geometry was mapped to the computational
model based on an experimental image of RAC where image analysis techniques were
used to differentiate between the various material constituents [87]. The maximum
aggregate size was 20 mm throughout the concrete macro-level structure. Four-noded
quadrilateral elements that were of 0.5 mm x 0.5 mm in size were used to generate
the finite element mesh. Four different model geometries were developed as shown
in Figure 3.2, and models corresponded to adhered mortar contents 2, 10, 20, and
50%. The target adhered mortar area was calculated in proportion to the number
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of total elements that covered the aggregate. The location of the adhered mortar
was determined based on a randomly generated number that varied between 0 and
360 degrees in 30 degree increments.

As the adhered mortar content increased,

the required number of adhered mortar elements also increased. Adhered mortar
locations were assigned to the geometric regions from lower adhered mortar contents
to the highest, based on the random locations of the aggregate. Each node along the
bottom of the model was restrained in the vertical direction, and the node located at
the bottom-left of the model was restrained in the horizontal direction to maintain
horizontal equilibrium. An incremental displacement-based load was applied in the
vertical direction at a displacement increment of 0.001 mm to simulate the uniaxial
compressive behavior.
A total strain-based fixed cracked constitutive material model was implemented
to simulate the mechanical response of each material [222].

Since the load was

applied using a prescribed deformation monotonically, it was expected that the
principal compressive and tensile strains would remain fixed in direction upon crack
formation, and therefore, a fixed crack model was implemented. A parabolic softening
behavior was used to simulate the compressive response of each material [206]. This
parabolic softening model is based on the compressive fracture energy properties of
each material in the RAC system. A 1% shear retention factor was prescribed in the
simulations to simulate the shear resistance after crack formation.

3.2.2

Material Properties and Parameters in Numerical Simulation

To quantify the composite behavior of an RAC system, the material properties of
each individual constituent need to be evaluated. Although, the stiffness parameters
for aggregate, adhered mortar, and mortar matrix have been discovered based on
experimental work [29, 30, 118], the ITZ stiffness properties have been a challenge
to quantify as it is a complex structure. The reason for this complexity is that, the
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Mortar Matrix
Old ITZ
New ITZ
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Figure 3.2 Boundary conditions and material assignments for different adhered
mortar contents; (a) 2% adhered mortar content (b) 10% adhered mortar content (c)
20% adhered mortar content (d) 50% adhered mortar content.
RAC contains several ITZ [111, 173] which can ultimately affect the overall mechanical
performance. However, in order to measure such detailed structural forms, researchers
have been using the nanoindentation technology quite extensively [223- 225]. In this
study, the mechanical properties of ITZ were obtained from the nanoindentation
results considering experimental data [226- 228] . Additionally, the Poisson's ratio
was defined as 0.20 for both new and old ITZs [229]. Aggregate fracture energy
was also obtained based on the available literature [230], and either assumed based
on proportional scaling or obtained from the literature for the other materials [29,
30, 118, 226- 228]. The statistical evaluation presented herein is based on varying
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the individual material elastic modulus values, and other mechanical properties are
held constant as described in Table 3.1. Although mechanical properties other than
elastic modulus will surely influence performance, the results provided here allow for a
systematic understanding of how stiffness influences the system performance of RAC
materials.
Table 3.1 Material Properties of Each Material Constituent in the RAC System
Elastic modulus

Compressive strength

Tensile strength

GPa

MPa

MPa

Aggregate

40.0 - 100.0

144.0

9.60

0.16

0.1628

Adhered mortar

17.5 - 40.0

45.0

3.00

0.22

0.0509

Cement-paste

16.1- 36.8

41.4

2.76

0.22

0.0468

Old ITZ

10.0 - 25.0

36.0

2.40

0.20

0.0407

New ITZ

9.2 - 23.0

33.1

2.21

0.20

0.0371

Material phase

3.2.3

Poisson's ratio

Fracture energy
N/mm

Stress-strain Characteristics of Recycled Aggregate Concrete under
U niaxial Compression

In order to explore the effects of adhered mortar content on stress-strain behavior,
specimens with different adhered mortar contents (i.e., 2, 10, 20, and 50%) were
simulated with representative material stiffnesses.

The representative material

stiffnesses of the aggregate, adhered mortar, mortar matrix, old ITZ, and new ITZ
were 80, 25, 23, 20, and 18 GPa, respectively. These stiffnesses were representative
values from the range of lower and upper bound values reported in Table 3.1.
The compressive strength, tensile strength, fracture energy and other mechanical
properties of each material are shown in Table 3.1 as well. Representative compressive
stress versus strain results are reported in Figure 3.3 based on the numerical
simulation results. The simulation was stopped, and the peak load was determined
when the slope of the stress-strain curve became negative (i.e., compressive softening
was observed). Numerical convergence typically could not be obtained well into the
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compressive softening region. The tensile stress-strain response of RAC systems was
also analyzed and results are reported elsewhere [22].
Compressive strength decreased with increasing adhered mortar content, as
expected. The simulated compressive strengths were 29.8, 29.5, 28.7, and 27.1 MPa
for 2, 10, 20, and 50% adhered mortar contents, respectively. The simulation results
reported show a 9% strength reduction by changing the adhered mortar content from
2 to 50%. Experimental research by Xiao et al. [20] showed a 9% reduction in strength
by changing adhered mortar by a similar amount. Therefore, the numerical simulation
results are believed to be representative of experimental behavior. Similarly, the
elastic modulus also decreased with increasing adhered mortar content as shown in
the Figure 3.3 with stiffnesses of 35.2, 33.0, 31.0, and 27.4 GPa for 2, 10, 20, and
50% adhered mortar contents, respectively. This stiffness distribution exhibited a
substantial drop of 22% throughout the increasing adhered mortar contents from 2%
to 50%. The experimental studies for the same adhered mortar contents showed
that, the elastic modulus degradation was 14% and 15% [23, 163]. Although the
two approaches (i.e., simulation vs. experiments) did not exhibit a perfect match,
those comparisons were acceptable considering the discrepancies (i.e., performance
metrics in calculating the elastic modulus) that might be involved in the experimental
approach. It was also noted that by increasing the adhered mortar content through
2 to 50%, the ultimate strain capacity increased by 10%. Experimentally, it was
shown that the strain capacity improved by 5% for the same adhered mortar variation
[20, 23].

3.2.4

Strain Localization Effects on Recycled Concrete Aggregate

Contours of principal compressive strain are shown in Figure 3.4(a) for four adhered
mortar contents at a composite compressive strain of of 1000 µE. Strain localization
was observed to be inversely related with adhered mortar content such that the 2%
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0.0015

adhered mortar content specimens had the highest area of localized compressive
strain, followed by the 10, 20, and 50% adhered mortar simulations.

Strain

localization was primarily concentrated on the aggregate and the mortar interface.
The reason for the localized deformation was due to the sudden stiffness discontinuity
between the aggregate and the mortar matrix.

As the adhered mortar content

increased, areas of natural aggregate were replaced with adhered mortar which had
lower stiffness than the natural aggregate, thus lowering the composite stiffness of
the RAC system. With a lower composite stiffness, more compatible deformations
were observed which prevented (or limited) strain localization effects. Due to the
types of boundary conditions (i.e., pin and roller supports) and the loading criteria
(i.e., uniaxial compression) which was employed, the RAC systems were subjected
to tensile strains and cracking locations were identified near the interface between
the aggregate and the mortar matrix. Softening in the regions around the aggregate
interface were observed, engaging the fracture energy of each material constituent.
When the microcracks coalesced, softening of the entire system was observed resulting
in a negative stress-strain response of the system. According to Figure 3.4(b) it can
be seen that the tensile strains were initiated around the aggregates and contributed
to an interfacial cracking failure.

Similar cracking behavior was observed in the

experimental studies, confirming the numerical findings shown in Figure 3.4 [30, 118].
Similar to the compressive strain distribution in Figure 3.4(a), the tensile strains
exhibited a dissipation of strain concentrations in Figure 3.4(b) with the increase of
adhered mortar content.
The overall compressive and tensile strain distributions are shown in Figure 3.4,
and both localization of strains were observed to have occurred between the aggregate
and mortar matrix interface (i.e., localization of damage occurs at the ITZ). The
global cracks were also developed along the loading direction as it has been generally
seen by other experimental works [28-30]. Prior research has shown that microcracks
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can develop at the ITZ, causing an initiation of damage with microcrack formation ,
followed by failure due to the development of larger macrocracks [29] . Experimentally,
it was shown that bond cracks first appeared around the ITZ and propagate into the
mortar matrix leading to failure of the composite RAC system [118].

3.3
3 .3.1

Statistical Evaluation

Statistical Analysis Metrics

A statistical analysis was performed to better understand how material constituent
stiffness and adhered mortar content influence the macro-scale compressive properties
of RAC systems. A commercially available software, Minitab®l 7 was used to infer
the statistical implications on the mechanical properties of RAC systems [231]. The
statistical analysis consisted of a five factor , two level full factorial design , and four
levels of adhered mortar contents. Based on the factorial combinations, a total sample
size of 128 simulations were performed (i.e. , 25 x 4 = 128). The five factors that
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were taken into consideration were the material stiffnesses of the constituents in the
RAC system: aggregate, adhered mortar, mortar matrix, old ITZ, and new ITZ.
Simulations with an upper and lower bound stiffnesses were conducted with values
reported in Table 3.2. Two reasons were identified prior to the statistical analysis
in order to choose the material stiffness as the varying factor between two limiting
bounds while other factors were fixed. One of the reasons was that the stiffness
properties (i.e., modulus of elasticity) of the individual materials can directly influence
the internal deformations and stress development around the aggregates. The second
reason was that varying the stiffness properties at the material level can enhance the
understanding of the link between the constituent properties and the system-level
performance (i.e., compressive strength and stiffness) of RAC systems with varying
adhered mortar contents.
Table 3.2 Factorial Combination Levels of Material Stiffnesses and Adhered Mortar
Contents

Low level

Mid level - 1

Mid level - 2

High level

GPa

GPa

GPa

GPa

Material Phase

Aggregate

40

100

Adhered mortar

17.5

40

Cement-paste

16.1

36.8

Old ITZ

10

25

New ITZ

9.2

23

Adhered mortar content

2%

10%
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20%

50%

3.3.2

Sample Statistics of Recycled Aggregate Concrete Mechanical
Properties

For each of the five adhered mortar content, a sample size of 32 (i.e., 25 = 32)
simulations were analyzed for statistical evaluation.

Statistical parameters such

as median, mean, and standard deviation of compressive strength (x 1~, µ 1~,

aj),

elastic modulus

were

(xE, µE, aE),

and ultimate compressive strain

(xecul µecul aecJ

evaluated based on the numerical results obtained from each 32-sample set with
corresponding adhered mortar content shown in Table 3.3.
Table 3.3 Statistical Parameters of the Mechanical Properties in RAC Systems

Adhered mortar

Compressive

Elastic

Ultimate compressive

content[%]

strength

modulus

strain

[MPa]

[GPa]

x 10-3 [mm/mm]

xf~

µf~

Oj~

XE

µE

O"E

Xecu

µecu

O"ecu

2

31.0

30.7

2.4

31.4

32.8

9.0

1.21

1.28

0.30

10

30.5

30.5

2.6

29.6

30.8

8.0

1.27

1.32

0.30

20

30.2

30.3

2.5

28.4

29.4

7.2

1.35

1.35

0.29

50

29.7

29.3

2.7

25.6

26.2

6.4

1.34

1.41

0.30

Considering the results shown in Table 3.3, the average and median compressive
strength from the 128 simulations varied by less than 5% by increasing the adhered
mortar content from 2% to 50%. Although the mean compressive strength of different
RAC systems did not show significant variation, the overall trend showed that
compressive strength decreased by 4.6% by increasing amount of adhered mortar
content from 2% to 50%. Similar decreasing trends in the range of 10% strength
reductions were observed by increasing adhered mortar content from 2% to 50%
in experimental studies [20, 163]. Based on these comparisons of the experimental
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studies and the numerical simulation results shown here, it is clear that the adhered
mortar content influences, to a small degree, the compressive strength of RAC.
The statistical parameters given in Table 3.3 show that the average elastic
modulus of the RAC systems significantly decreased with increasing adhered mortar
content.

This decrease was identified to be 20% as the adhered mortar content

increased from 2% to 50%. The RAC macro-scale stiffness decreased because the area
of the aggregate, which had a high stiffness, was replaced with an equivalent area of
adhered mortar, which had a lower stiffness (see Figure 3.2). By replacing regions
of a high stiffness constituent (i.e., aggregate) with a low stiffness constituent (i.e.,
adhered mortar), the overall stiffness of the RAC system decreased. Experimental
findings have reported similar trends in the range of 15% elastic modulus reduction
by increasing adhered mortar contents from 2% to 50% [23, 163].
It is well documented that increasing adhered mortar content can increase the
ultimate compressive strain (i.e., strain at compressive softening) under uniaxial
loading.

Based on experimental results, one study has shown that the ultimate

compressive strain had increased by 6% by increasing the adhered mortar content
from 2% to 50% [20]. The numerical study presented here shows an average ultimate
compressive strain increase of 10% for the same adhered mortar content increment.
Similarly, another study showed that the ultimate compressive strain can improve
by 12% by increasing adhered mortar content from 0% to 50% [24]. The numerical
results presented in Section 3.2.4 show that deformations are less concentrated with
increasing adhered mortar contents, resulting in a higher strain capacity.

3.3.3

Probability Distribution Characteristics of Mechanical Properties
in Recycled Aggregate Concrete

In order to quantify the frequency of compressive strength and modulus of elasticity,
histograms were developed from the numerical simulation results and are reported
based on the four levels of adhered mortar content in Figures 3.5(a) and 3.5(b),
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respectively. After reviewing the histogram data, it was noted that the distribution of
compressive strength and elastic modulus was approximately normal, and probability
density functions (PDFs) were developed assuming that the material properties were
normally distributed as has been observed experimentally [232]. PDFs for compressive
strength and elastic modulus are reported in Figures 3.6(a) and 3.6(b) for the four
adhered mortar contents.
In terms of compressive strength, the mean and median response decreased as
a function of adhered mortar content. Further, more variability (i.e., higher standard
deviation) in compressive strength was observed as adhered mortar content increased.
For example, the mean and median compressive strengths of the 2% adhered mortar
specimens were 31.0 and 30.7 MPa with a standard deviation of 2.4 MPa, while the
50% adhered mortar specimens had a mean and median compressive strength of 29. 7
and 29.3 MPa with a standard deviation of 2. 7 MPa. Similarly, the mean and median
elastic modulus of the 2% adhered mortar specimens were 31.4 and 32.8 GPa with
a standard deviation of 9 GPa, whereas the 50% adhered mortar specimens had a
mean and median elastic moduli of 25.6 and 26.2 GPa with a standard divination of
6.4 GPa. Thus, the trends of variability in the elastic modulus differed from those of
compressive strength as shown in Figures 3.6(a) and 3.6(b). For compressive strength,
the variability increased as the adhered mortar content was increased; however, the
variability of the elastic modulus was reduced with the increasing adhered mortar
content in the RAC system. This trend was expected as the current study was based
on the stiffness variation of the individual materials. The stiffness compatibility of
the RAC system is more robust when the adhered mortar content is increased and
the compressive strain distributions get more evenly unified across the specimens.
Therefore, higher adhered mortar contents tend to converge to a limited range upon
failure, given that the variability of the system's elastic modulus is lower.
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mortar content; (a) compressive strength (b) elastic modulus.
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3.3.4

Significance of Factors on Mechanical Properties in Recycled
Aggregate Concrete

The statistical significance of the material constituent stiffnesses and adhered mortar
contents were evaluated from the 128 numerical simulation results. Pareto charts,
shown in Figure 3.7, were developed for model term combinations to evaluate
the statistical significance of each input (i.e., constituent stiffness and adhered
mortar content) on the mechanical properties (i.e., compressive strength and elastic
modulus).

A model term is a factor or combination of factors considered in

a statistical evaluation, and a Pareto chart is used to quantify the statistical
significance of a series of factors on an output of interest. The significance analysis
conducted here considered a total sample size (n) of 21 model terms, including single
and double-interacted terms. Example single model terms in the analysis include
aggregate stiffness and adhered mortar content, (i.e., A and F in Figure 3.7) among
others, and example double model terms include the combined effects of aggregate
stiffness and adhered mortar content (i.e., AF in Figure 3.7), among others. The
Pareto charts were used to determine the magnitude and the importance of the
standardized effects for the results obtained in the statistical analysis. On the Pareto
chart, horizontal bars that cross the segmented vertical reference line are considered as
statistically significant factors. This reference line is calculated based on the degrees of
freedom (i.e., n -1) and the confidence interval that corresponds to the t-distribution.
The standardized effect of the factors at the 95% confidence interval are approximately
equal to the reference line value of the Pareto charts depicted in Figure 3.7. The
model terms that were considered for the significance analysis are shown in the y-axis
in Figure 3.7, whereas the standardized effects at the 5% significance level (i.e., at
95% confidence interval) are shown in the x-axis of Figure 3.7.
The Pareto chart reveals the factors that have the largest influence on a
particular response.

As shown in Figure 3.7(a), the stiffnesses of the aggregate

and the mortar matrix had the largest statistical influence on compressive strength,
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and these two factors had nearly equal statistical influence on compressive strength.
Surprisingly, the adhered mortar content had a smaller statistical impact on
compressive strength than the stiffness of the aggregate, mortar matrix, and new ITZ.
The observation that adhered mortar had a smaller effect on compressive strength
than the variation in stiffness explains why the average (or median) compressive
strengths, shown in Table 3.3, were similar between varying levels of adhered mortar
contents.
In terms of elastic modulus, Figure 3. 7(b) shows that the stiffness of the mortar
matrix had the largest effect on elastic modulus, followed by the aggregate stiffness,
and then adhered mortar content. The mortar matrix had the largest influence on the
RAC composite stiffness because the matrix occupied the largest area of the material,
and therefore, when the matrix stiffness changed it had a significant impact on the
composite stiffness.

3.3.5

Main Effects of Factors on the Mechanical Properties of Recycled
Aggregate Concrete

Main effect plots can be used to examine how a particular input (e.g., constituent
stiffness) influences the output response (e.g., compressive strength or elastic
modulus). The effects of five different material stiffnesses on the response of mean
compressive strength and elastic modulus are depicted in Figure 3.8. The average
response across all simulations is shown using a horizontal reference line in Figure 3.8,
and the average response for each stiffness or adhered mortar content level is then
reported using the circular markers.

A high gradient (i.e., steep slope) between

two markers is indicative that the factor strongly influences the response, while a
small gradient (i.e., gradual slope) indicates that the factor has a weak effect on the
response. A positive gradient in Figure 3.8 indicates that increase the input factor
(e.g., stiffness) increases the output response (e.g., compressive strength or elastic
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modulus); where as a negative gradient indicates the factor decreases the output
response.
In terms of compressive strength, Figure 3.8(a) shows that changes in different
material constituent stiffnesses cause varying effects on compressive strength. For
example, increasing aggregate stiffness, the old ITZ stiffness, and adhered mortar
content causes a loss in compressive strength; while increasing the mortar matrix
stiffness, adhered mortar stiffness, and new ITZ stiffness increases compressive
strength.

Contours of principal tensile strains discussed in Section 3.2.4 showed

that damage initiated between the aggregate and mortar matrix interface (i.e., at
the ITZ) caused by a large stiffness discontinuity. The strain localizations create
microcracks along these regions, and eventually the concrete fails at the interface.
The statistical results show that, as the difference between the aggregate stiffness
and the other constituent stiffnesses increases (i.e., by increasing aggregate stiffness,
old ITZ stiffness, and adhered mortar content), the compressive strength decreases.
Compressive strength decreases because large changes in stiffness occur over a small
area, inducing localized deformations and stress concentrations.

Conversely, by

increasing the stiffness of the materials around the aggregate (i.e., mortar matrix,
adhered mortar, and new ITZ), compressive strength increases as the difference in
constituent stiffness becomes smaller. According to experimental studies, it has been
shown that stress concentrations develop in the new ITZ and further propagate into
the old ITZ at higher loading magnitudes [29, 30]. Therefore, the new ITZ stiffness
governs the compressive strength more than the old ITZ stiffness (i.e., interfacial
failure is more susceptible in new ITZ). Thus, lower main effects were observed in the
old ITZ.
Figure 3.8(b) shows how the RAC elastic modulus varies with material
constituent stiffness and adhered mortar content. The statistical results show that
the RAC system elastic modulus was strongly affected by the mortar matrix stiffness,
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Figure 3.8 Main effects plot of each factor on different mechanical properties of
RAC; (a) compressive strength (b) elastic modulus.

aggregate stiffness, and adhered mortar content.

The numerical and statistical

analysis confirm experimental findings that RAC elastic modulus can be increased
by increasing the stiffness of the mortar matrix [71 , 233].

Further, the results

confirmed that the elastic modulus of the RAC was directly proportional to the
stiffness of the individual phases and their interfacial characteristics [234] . Increasing
the adhered mortar content was inversely proportional to the RAC composite stiffness.
A reduction in elastic modulus was observed with increasing adhered mortar content
because aggregate area was replaced with adhered mortar area which had a lower
constituent stiffness than the aggregate.
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3.3.6

Bivariate Effects of Different Factors on the Mechanical Properties
of Recycled Aggregate Concrete

Contour plots, shown in Figure 3.9, were developed to examine the bivariate effects
of two factors on the mechanical response of the RAC system. In the contour plots,
constituent stiffness values are represented on the y axis and adhered mortar contents
are represented on the x axis. Contours of mechanical response are plotted on the
graphs where Figures 3.9(a)-(c) shows contours of RAC compressive strength and
Figures 3.9( d)-(f) shows contours of RAC elastic modulus. Since two factors (i.e.
constituent stiffness and adhered mortar content) are considered to change across
their low and high behavior in the statistical analysis, the remaining factors were
held at their mid-point levels to develop the contour plots. The stiffnesses considered
in the contour plot evaluation are the aggregate, mortar matrix, and adhered mortar
content because they are easier to quantify and engineer experimentally as compared
with the old ITZ and new ITZ. Contour plots, such as those shown in Figure 3.9,
can be used to help materials engineers understand how to design RAC systems to
achieve certain performance metrics (i.e., compressive strength or elastic modulus).
Figures 3.9(a)-(c) shows the relative influence that the constituent stiffnesses
have on compressive strength as a function of adhered mortar content. In all cases,
the predicted compressive strength decreases with adhered mortar content; however,
compressive strength varies differently for each constituent stiffness. The stiffnesses
and strengths selected for the materials in the studied, presented in Table 3.1, caused
a relatively narrow variation in compressive strength in the range of 30 MPa. Since
higher strength RAC systems can be achieved in practice, the results of this study
show the relatively small impact that constituent stiffness and adhered mortar content
play on RAC system strength. Varying other mechanical properties, such as mortar
matrix or adhered mortar strength, would more largely influence the RAC system
strength. Figure 3.9(a) shows that compressive strength decreases with increasing
aggregate stiffness. Compressive strength decreases with increasing aggregate stiffness
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because strain localization occurs near the aggregate and mortar matrix interface as
previously discussed in Subsection 3.2.4 due to the large stiffness change. Conversely,
compressive strength increases with increasing mortar matrix stiffness, as shown in
Figure 3.9(b), because the relative stiffness between the aggregate and mortar matrix
decreases, thereby decreasing strain localization effects. Unlike aggregate stiffness
and mortar matrix stiffness, the influence that adhered mortar stiffness had on
compressive strength was highly dependent on the adhered mortar content as shown
in Figure 3.9(c). For example, at low adhered mortar contents (i.e., 2 to 10%), there
was little to no change in predicted compressive strength; however, at high adhered
mortar contents (i.e., 50%), compressive strength had a higher relative change as a
function of the adhered mortar stiffness. The logical observation is that the stiffness
of the adhered mortar only has a significant influence on compressive strength when
there are large amounts of adhered mortar; otherwise, the compressive strength is
dominated by the aggregate and mortar matrix properties.
Figures 3.9( d)-(f) show that the RAC elastic modulus increases as each
constituent stiffness increases.

Changes in aggregate stiffness and mortar matrix

stiffness, Figure 3.9(d) and Figure 3.9(e), respectively, have a larger impact on RAC
elastic modulus at low adhered mortar contents than at high adhered mortar contents.
Conversely, the adhered mortar stiffness has a larger influence on the RAC system
stiffness when there is more adhered mortar content. Unlike compressive strength,
which had relatively small variation (i.e., less than 10% change), the elastic modulus
of the RAC system was influenced by up to 40% as the adhered mortar content
and constituent stiffness changed within the limits. The reason why elastic modulus
had a larger change is that the aggregate stiffness is directly proportional to the
macro-scale stiffness of the RAC system. Therefore, the adhered mortar content
and overall natural aggregate area influences the modulus of elasticity to greater
extent than the compressive strength. Thus, when designing systems with recycled
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Figure 3.9 Contour Plots generated for each mechanical property; (a) compressive
strength (b) elastic modulus.

aggregates, the numerical and statistical results show that the elastic modulus should
be carefully considered in design, while the compressive strength is less susceptible
to sharp changes due to the addition of recycled aggregates.

3.4

Conclusion

Two-dimensional nonlinear finite element simulations were performed on RAC
specimens to investigate the behavior of RAC materials under uniaxial compression.
A series of simulations with expected properties of the individual material constituents
were performed to understand how variations in adhered mortar content affect the
stress-strain and local strain deformations around the aggregate surface under uniaxial
compression. These simulations showed that the compressive strength and the elastic
modulus decreased with increasing adhered mortar content. The ultimate compressive
strain increased as a function of adhered mortar content as less strain localization
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was observed with higher amounts of adhered mortar. Increasing the adhered mortar
content prevented strong stiffness discontinuities from developing, which led to a
higher ultimate compressive strain capacity.
After examining the baseline numerical response of RAC systems in compression,
a five factor, two level statistical analysis with varying adhered mortar content was
conducted to understand the statistical variability in the mechanical properties of
RAC. In total, 128 numerical simulations were conducted to evaluate the compressive
properties of RAC systems with varying constituent stiffness and adhered mortar
contents. Statistical analysis showed low variability in compressive strength, but
high variability in elastic modulus. Variability in elastic modulus was observed to
decrease as the adhered mortar content increased. By increasing the adhered mortar
content from 2% to 50%, compressive strength changed by less than 5%, on average,
while elastic modulus changed by nearly 20%, on average.
Pareto charts were developed to show the statistical significance of each RAC
meso-level input (i.e., constituent stiffness or adhered mortar content) on the RAC
system level performance in terms of compressive strength and elastic modulus. The
statistical results showed that aggregate and mortar matrix stiffnesses had the largest
effect on compressive strength, and contributed equally to variations in compressive
strength. Further, results showed that the interaction between the mortar matrix
and the new ITZ had higher significance than several individual stiffness factors,
explaining the importance of strain localization impact on compressive strength. The
mortar matrix had the highest impact on the elastic modulus of the RAC composite.
Adhered mortar content was the fifth and third most statistically significant factor
that influenced compressive strength and elastic modulus of RAC, respectively.
Main effects plots showed that increasing aggregate stiffness, old ITZ stiffness,
or adhered mortar content resulted in lower compressive strength; while increasing the
stiffness of the mortar matrix, adhered mortar and new ITZ resulted in an increase
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of compressive strength. Compressive strength was therefore largely a function of the
relative stiffness between the aggregate and surrounding material. As the difference
in stiffness in the aggregate and surrounding material increased, the compressive
strength decreased due to a strain localization phenomenon that initiated damage
and failure. The elastic modulus was primarily governed by the individual stiffnesses
of the materials at the RAC mesa-level. It was shown that the mean RAC elastic
modulus was proportional to increasing the constituent stiffness parameters.
Bivariate contour plots were developed to understand the interaction between
adhered mortar content and constituent stiffness.

Regardless of the constituent

stiffness, higher compressive strengths and elastic moduli were observed for lower
adhered mortar contents. The adhered mortar stiffness highly impacted the RAC
system responses at high adhered mortar contents; however, the influence of
the aggregate and mortar matrix stiffnesses increased as adhered mortar content
decreased.
Work is underway to address some of the limitations of this study. For instance,
experimental and numerical results will be compared more through a rigorous
experimental testing program, rather than comparing trends observed numerically
and experimentally from the literature. Additional efforts are underway to understand
the role of aggregate geometric properties and distribution in the mechanical response
of RAC systems. The numerical and statistical results presented in this study can
help understand sources of variability in the mechanical response of RAC systems.
These results will help concrete and materials engineers better design and understand
the implications of RAC systems in practice.
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CHAPTER 4
GENERATION AND NUMERICAL ANALYSIS OF RANDOM
AGGREGATE STRUCTURES IN RECYCLED CONCRETE
AGGREGATE SYSTEMS

4.1

Introduction

Concrete is a heterogeneous composite material with mechanical and chemical
properties influenced by its individual constituents such as aggregates, a mortar
matrix, bond zone regions, and porosity.

The composite mechanical behavior

of concrete is governed by the constituent material response at different length
scales (e.g., macro-, meso-, micro-, nano- and even atomic- or subatomic-scale
levels). Zaitsev and Wittmann [185] proposed that these length scales are known as
multi-phase microstructural hierarchical levels, where at a macro-level, the concrete
system is treated as a homogeneous material with smeared cracks. At a meso-level,
concrete is treated as a collection of coarse aggregates, mortar matrix with fine
aggregates included in it, and the interfacial transition zones between the coarse
aggregate and the mortar matrix. As the length scale decreases to a microlevel,
the mortar matrix is separated into fine aggregates and hardened cement paste
with existing pore structure of the concrete. At a nano-level, the hardened paste
is continuously subdivided into capillary pores and inter particle spaces between
hydrated phases (e.g., calcium silicate hydrate) [235]. Further subdivisions of the
chemical composition of each component of hardened cement paste is studied under
atomic-level scales. By considering concrete at various length scales, researchers and
engineers have been able to study concrete materials through numerical and analytical
modeling to better understand mechanical and durability properties [236, 237].
Generating meso-scale geometry for a normal concrete model requires consideration of different phases of the material (e.g., aggregates, mortar matrix, and bond
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zone regions) that are present in the concrete system. The geometry at this length
scale can be generated using two unique procedures; a digital image-based approach
and a parameterization modeling approach. A digital image-based approach requires
the use of cameras, microscopes, or advanced three-dimensional techniques such as
X-ray computed tomography or nuclear magnetic resonance spectroscopy scanners.
These techniques are used to capture digital images of the mesoscopic structures and
then converted into finite element models where the material constituents are mapped
to a finite element geometry [193-195].

Although these image-based techniques

extrapolate the mesa-structural details accurately, such testing approaches are still
considered to be time consuming and computationally expensive.
A parameterization modeling approach utilizes indirect or direct algorithms to
generate concrete mesa-structures.

In an indirect algorithm, material phases are

not explicitly modeled, but the heterogeneous material properties are assigned to
conventional finite element meshes [189] or the material phases are idealized by lattice
elements [238]. If the materials are directly modeled into different shapes and sizes
using an appropriate algorithm, such generation is referred to as a direct algorithm
parameterization modeling. In direct algorithm approaches, a variety of aggregate
shapes, sizes, and spatial distributions can be generated within a given concrete
boundary area [166, 170, 179, 239]. The research presented within this chapter focuses
on utilizing a direct algorithm to generate mesoscopic random aggregate structures
(RAS) for RCA systems.
Research has already been conducted to develop RAS through various studies
to investigate the mesa-structure and physical properties of normal weight concrete
that reflected acceptable result outputs at lower computational costs [179, 240, 241].
Mesoscopic analysis of concrete requires the generation of RAS, such that maximum
aggregate size, aggregate shape, and spatial distribution of the aggregates should
closely resemble a realistic concrete cross section. The shape of the aggregate may
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look like a crushed aggregate (i.e., more angular in shape) or a gravel aggregate (i.e.,
more round in shape) depending on the number of sides and the size of the generated
shape in a two-dimensional space. Wittmann et al. [240] used a morphological law
which was developed by Beddow and Meloy [186] to generate round and angular
aggregate shapes. These shapes were identified based on the number of edges that
is required to form a complete polygon to generate the aggregate. In another study,
such polygonal shapes had been generated by using Cartesian coordinates or polar
coordinates depending on the aggregate shape (i.e., angular or round, respectively)
that needs to be formed in the RAS [179]. There have been other attempts reported
for generating random aggregate structures by using spherical or elliptical shapes
instead of round-like aggregates [172, 174, 175, 242]. Such shapes are made only for
the simplicity in idealizing the aggregates, and the simulated response of systems with
elliptical or spherical aggregates has shown different performance trends in comparison
to those systems using angular shaped particles in concrete [167, 174, 190, 243, 244].
For example, a numerical study was conducted by Wang et al. [190] for polygonal and
spherical shaped aggregate systems. It was reported that the corners of the polygonal
aggregates initiated localized stresses upon loading under tension due to the existing
sharp-edged geometry, and the failure was propagated with the increasing strain
levels. However, the response of spherical particles showed evenly distributed stresses
around the aggregates caused by the smooth geometry of the particles. Consequently,
this smooth stress distribution around the spherical aggregate resulted a delay in the
fracture event and increased the predicted tensile strength.
In consideration of a mesoscopic model for a natural aggregate concrete system,
it can be modeled as a two-phased system consisting of coarse aggregate and mortar
matrix which are separated by interfacial transition zone (ITZ) layer around the
coarse aggregate boundaries. Unlike virgin aggregates, RCA particles are produced
by crushing demolished concrete and processed as coarse aggregates to reuse in new
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concrete mixtures. Due to the crushing operation, a recycled aggregate consists of two
main material phases with natural aggregate and adhered mortar attached together.
Therefore, a concrete system with RCA particles can be much more complex than a
natural aggregate system due to the existence of additional material phases present
in the concrete; such as adhered mortar and the bond zone (i.e., old ITZ) between
the natural aggregate and adhered mortar phases [111, 173, 212].

Consequently,

computational mesoscopic models on RCA systems have not been widely studied due
to this complexity of the material heterogeneity and the geometric irregularities of
the RCA particles. Among the available studies on RCA systems in the literature,
Xiao et al. [118] examined the mechanical performance and damage criteria through
a lattice model with vertical and tilted bar elements. Numerical and experimental
results concluded that both responses showed similar trends up to the applied peak
load under compression and tension. Another computational technique developed by
Peng et al. [204] showed that RCA systems can be modeled at mesoscopic level by
a plane stress analysis in which the aggregate generation was composed of circular
RCA particles. According to the numerical study performed by Li et al. [28] on
damage initiation and propagation of modeled RCA under uniaxial compression,
the macro stress-strain curves of those modeled specimens with different material
strengths and identical circular aggregate geometry yielded significant variations in
structural behavior at macro-scale level.

Considering the simplistic idealizations

and assumptions of RCA physical properties that have been developed, current
research is short of methods that needs to be implemented to generate a variety
of computational RCA geometries and models that can simulate actual aggregate
properties in concrete systems. Realistically, the aggregates in a concrete system
are randomly distributed throughout a contained concrete boundary, varying with
sizes, shapes, angularities, adhered mortar contents, and other aggregate physical
properties. It is understandable that such meso-scale aggregate representations can
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be highly challenging to generate and thus, very little research has been done using
authentic RCA generation. Therefore, to generate an efficient aggregate model, a way
needs to be implemented such that aggregate shape and distribution are realistically
similar to an actual concrete system.
In this study, the authors propose a new methodology to generate a twodimensional RAS through a robust computational algorithm which has the ability to
manipulate the geometric properties of RCA particles. The computational approach
accounts for factors such as aggregate gradation, maximum aggregate size, aggregate
shape, aggregate angularity, aggregate ratio, adhered mortar content level, adhered
mortar location, and spatial distribution of the aggregates at a mesoscopic level.
Subsequently, the computationally generated RAS is mapped onto a two-dimensional
finite element model for numerical computations through an image analysis procedure.
The meshed geometry is then used to analyze and interpret the compressive response
with varying aggregate properties to evaluate the sensitivity of RAC systems to
changes in aggregate properties. This aggregate generation technique can be used
as a powerful tool to understand and better predict the mechanical properties of
RCA systems through studying the stochastic distribution of RCA morphologies by
developing a large-scale database comprised of numerical material model geometries
and eventually, it will advance the understanding of the use of recycled concrete as
aggregates appropriately in concrete applications.

4.2

Generation of RCA Meso-structure and Finite Element Models

The current generation methodology is divided into two stages. In the first stage, the
concrete geometry is generated for given aggregate characteristics, using a source code
developed in Matlab® 2018 [245]. The second stage is focused on generating a finite
element mesh in the commercially available finite element software, DIANA (Version
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10.2) [221], through coded scripts written in the Python

TM

based programming

language.

4.2.1

Aggregate Generation- Defining Aggregate Gradation for Recycled
Concrete Aggregates

Generally, aggregates (i.e., both fine and coarse) occupy between 60 and 75% of the
total volume of concrete [2], and a significant portion of the volume (i.e., 40% to
50%) is occupied by coarse aggregates [179]. The mechanical performance of an RCA

system is heavily governed by (1) the material properties of individual constituents,
(2) the aggregate morphology (i.e., geometry), and (3) the distribution of aggregates
over the concrete area [41].
Aggregate size is one of the key parameters that can cause varying effects
on the mechanical properties in RCA systems. In order to have a good particle
size distribution, an appropriate gradation curve needs to be adopted, so that the
aggregate distribution can be of small-, medium-, and large-sized particles. In this
research, the distribution of RCA particles in the mesa-structure was based on the
Fuller curve which is shown in Equation (4.1) within a specified aggregate size range
[197]. In Equation (4.1), P(ds) is the cumulative percentage passing a sieve with
aperture size of d 8 ,

dmax

is the maximum aggregate size in the selected aggregate size

range, and n is the gradation exponent that varies from 0.33- 0.50 depending on the
coarseness of the gradation for a desired maximum particle density [246].

P(ds) = 10o(dds
max

)n

(4.1)

It was found that the maximum particle density in concrete was achieved when
a number between 0.40 and 0.45 was used as the gradation exponent n [247, 248].
Therefore, a value of 0.40 was used as the Fuller curve exponent for the randomly
generated aggregates shown in this chapter. Figure 4.1 shows representative aggregate
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gradations for three types of coarseness levels, where the range that covers coarse
aggregates is depicted within 4. 75 mm and 32 mm sieve aperture sizes.
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Representative aggregate gradations for RCA particles derived from

The mesa-structure of RCA systems were randomly generated two-dimensionally,
and thus, RCA particles were considered as planar shapes such that each aggregate
would have a specific area within a concrete boundary. The concrete boundary was
predetermined based on an assumed width (W) and height (H) which can be defined
by the user, and aggregates were generated within this two-dimensional boundary.
Representative aggregate areas that are passed through two consecutive sieve sizes
are defined based on the relationship provided in Equation (4.2), where Aa99 [ds+I, ds]
is the area of the aggregate required within two consecutive sieve aperture sizes ds+I
and

d 8 , dmin

is the minimum aggregate size in the selected aggregate size range,
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Ragg

is the aggregate ratio of RCA system being generated, and Ac is the total concrete
area (W x H) [179]. In this proposed method, Ragg plays a vital role as it controls the
aggregate generation at a given aggregate ratio, thereby, the aggregates are generated
continuously consisting of different sizes until the given Ragg value is satisfied. The
gradation range is discretized into smaller sieve aperture sizes in a descending order
consecutively, such that a target aggregate area is obtained for each successive sieve
size pair. Discretization of each sieve aperture size pair over the selected gradation
is significant when aggregate packing density of the concrete structure is considered.
When the amount of discretization in each aperture size pair is decreased, a densified
aggregate packing system can be achieved. Conversely, as the amount of discretization
gets higher in each sieve aperture size pair, a poor packing density in the concrete
system would be observed. However, the proposed aggregate generation is controlled
by the aggregate ratio of the concrete system and the discretization of sieve aperture
size pairs is exceedingly efficient in filling the concrete area with planar shapes for
high aggregate ratio systems. After determining the size distribution of aggregates
that needs to be generated, the aggregate geometry is built within a specified concrete
boundary using the convex hull algorithm based on the work developed by Barber
et al. [249], and this algorithm is descriptively elaborated in the next subsection.

(4.2)

4.2.2

Aggregate Generation Algorithm

The aggregate particles in a concrete system need to be populated as a randomly
generated pattern, such that the physical characteristics of the aggregate and the
aggregate distribution can be realistically generated within a predetermined concrete
boundary (e.g., in this chapter a 100 mm x 100 mm section was simulated). Physical
properties of aggregates in the concrete system such as angularity, shape, and size
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were generated randomly using the convex hull algorithm [184, 190, 250]. A uniformly
distributed random number generation was adopted to locate the vertices of each
recurring shape, as the aggregates were dispersed across the concrete boundary area
without overlapping with each other.
The main functionality of the convex hull algorithm is that, for a given
number of random coordinate points within a specified two-dimensional space, the
algorithm generates the largest possible convexed area polygon (i.e., convexed hull)
by taking the coordinate points as vertices. For example, a round-like aggregate
particle is generated by specifying random x-, y- coordinate points within a circular
two-dimensional space, where the diameter of the circular region is considered as
the largest sieve aperture size in the selected pair of each discretization of the sieve
sizes. Similarly, a crushed-like aggregate particle is generated by using random x-, ycoordinate points within a square region.
Since an RCA particle is a two-phased material, two different materials need to
be included in the aggregate generation. For this purpose, any three or more random
consecutive vertices are selected on top of the generated convexed area polygon to
define the adhered mortar portion on the RCA particle. Since the polygonal shapes
are generated based on a randomized algorithm, the preceding vertex and the rest of
the consecutive vertices that are being selected are also randomized. Therefore, the
location of the adhered mortar portion is unique for each RCA particle. However,
this method is not efficient in defining an exact value for adhered mortar content to
be generated on the RCA particle in this study, and hence, three adhered mortar
content ranges were used with low-, moderate-, and high-levels corresponding to 120%, 21-50%, and 51-100%, respectively. The angularity can be altered by changing
the number of random points specified within the two-dimensional space, so that
the angularity can be increased by reducing the number of vertices selected during
the aggregate generation and vice versa. The amount of adhered mortar content
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can be significantly raised by increasing the number of vertices that are selected on
the convexed hull while forming the adhered mortar phase. A representative RCA
particles generated for rounded and crushed aggregates are shown in Figures 4.2(a)
and 4.2(b), respectively.
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Figure 4.2 Generation of RCA particles using random points allocated within
the specified space through convex hull algorithm for different aggregate shapes and
angularity; (a) round-like aggregate with low angularity using 15 random points (b)
crushed-like aggregate with high angularity using 8 random points (c) material legend.

Once an RCA particle is generated within the specified two-dimensional space
(i.e., circular space or squared space), the geometric coordinates of the aggregate
shape need to be translated to a random location within the concrete boundary. The
translated location of the coordinates is based on a uniformly distributed random
number generation technique that depends on the size of the concrete specimen in
which the aggregates are being generated. In this chapter, the aggregate translation
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was performed through a uniformly distributed random number generator within
0 and 100 mm along x-, and y- axes with respect to the origin located at the
lower-left bottom corner of the squared concrete boundary. However, in this process,
some random aggregate translations can be overlapped with each other and may be
unrealistically closer to the concrete boundary edge. To address the former issue, an
overlapping condition was implemented by enforcing a logical array to the translated
aggregate shapes until the overlapped area was equaled to zero.

To control the

aggregates being translated near the concrete boundary edge, border effects were
accounted such that not a single particle was allowed to come closer to the concrete
surface than a prescribed distance. In this study, the minimum boundary gap between
the RCA particle and the nearest concrete edge was taken as uniformly distributed
integers within a 0 - 5 mm size. The process that was used to generate the RCA
particles is explained in a flowchart as shown in Figure 4.3.

4.2.3

Image Analysis Criteria in Random Aggregate Generation

During the aggregate generation process, three material phases were initially defined
in the concrete system: the cement mortar matrix, natural aggregate, and adhered
mortar, and three unique colors were assigned to those material regions with red, blue,
and green, respectively. In addition to those main material constituents, interfacial
transition zones (i.e., both old ITZ and new ITZ) need to be included. Therefore,
a colored image of the aggregate generation was obtained as a raster image (e.g., a
portable network graphic) consisting of a 200 x 200 pixel resolution. The dimensions
of the image were set at 200 pixels to reduce computational time constrains and
related each pixel to a size of 0.5 mm square. At a later stage, the pixels of the raster
image are converted to a mesh generation to build the finite element models. The
image is then subjected to a pixel color scan in which the color intensities of each
pixel are identified in a column-wise array. The pixel color intensity is measured by a
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• RCA particle size range = dmax to dmin
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Aggregate Generation
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Select the next consecutive largest aperture pair; ds, ds-1

− Aggregate ratio
− Aggregate shape
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− Maximum aggregate size
− Adhered mortar content range levels

Figure 4.3
systems.

END

Flowchart for generation of the random aggregate structure for RCA

scale of red, green, and blue (RGB) values for each color that varies from Oto 255. By
scanning the image pixels in a column-wise direction, the pixel color transition from
one material phase to the other can be filtered, where eventually, the ITZ regions can
be easily distinguished. For example, the color transition from red to blue and red
to green or vice versa, controls the material region corresponding to the new ITZ,
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Table 4.1 RGB Intensity Values Assigned to Each Material in the RCA System

Material

Color

RGB Value

Aggregate

Blue

[0, 0, 255]

Adhered mortar

Green

[0, 255, 0]

Cement mortar matrix

Red

[255, 0, 0]

Old interfacial transition zone

White

[255, 255, 255]

New interfacial transition zone

Black

[0, 0, 0]

whereas the color transition from green to blue or vice versa, controls the material
region corresponding to the old ITZ. Logical operators were then used to identify the
color transitions for old ITZ regions and new ITZ regions, where white and black
colors were assigned to those material regions, respectively. The technique that was
used in the image processing work adopted through raster images was effective to
identify the ITZ regions in the RCA aggregate structure. The RGB values for those
five types of colored pixels are provided in Table 4.1.
After the aggregate image is processed, the refined RCA system is now
comprised of five unique color-coded pixels representing the material phases. The
pixel color information of the image was stored in an n x 3 matrix, where n is the
total number of pixels (i.e., 200 x 200 = 40,000) in the refined image, and the number
3 represents the RGB value intensity entries. Figure 4.4 depicts the difference between
the initial image and the processed image after the material phases included in the
concrete system. Subsequently, this colored pixel image was used to generate the
finite element mesh to numerically simulate different RCA systems in a finite element
framework.
Numerous sophisticated simulation platforms are available to simulate the
performance of concrete materials. The goal of this chapter is to use the proposed
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Figure 4.4 Material assignment based on the pixel identification though image
analysis; (a) original raster image obtained from RAS (b) processed image after color
refinement of the material regions (c) material legend.
methodology for simulating RCA system geometries, and understand how the uniaxial
compressive response is affected by variations of a range of aggregate geometries. RCA
systems of 100 mm x 100 mm samples were simulated under uniaxial compression
through finite element modeling. The mesoscopic modeling geometry of the RCA
systems were based on the pixel color identification that was obtained from the refined
RAS image. The pixel dimension of the raster image was 200 x 200, where each
pixel was represented by a quadrilateral element in the finite element model. The
size of each element was selected to be 0.5 mm such that , the size effects for those
individual material phases were reasonable and computationally efficient. In total,
12 RCA systems were simulated, which varied in terms of aggregate properties for
RCA shape, RCA ratio, adhered mortar content, and number of attached locations of
adhered mortar to the natural aggregate in the system. The adhered mortar content
is categorized as low, moderate, and high; which corresponded to adhered mortar
contents of 1-20%, 21-50% , and 51-100%, respectively. A shorthand notation for
identifying the simulation models is used as "C-1211-0.50"; where C is the shape
of the RCA used in the generation (i.e., 'C' for crushed and 'R' for rounded), ' 12'
represents the maximum RCA size in millimeters, 'L' denotes the level of adhered
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mortar content of the system (i.e., 'N' for no adhered mortar content, 'L' for low, 'M'
for moderate, and 'H' for high), the single digit represents whether the RCA system
was made using zero, one, or two adhered mortar locations, and the last decimal
value indicates the RCA ratio of the concrete system. Two adhered mortar locations
were used when the adhered mortar content was moderate and high in quantity, so
that the adhered mortar generation is evenly distributed on the natural aggregate.
Adhered mortar locations that had three or more locations were not incorporated in
the aggregate generation algorithm due to the significant computational time that
would have been required to generate aggregates. Realistically, there is a possibility
of adhered mortar phases surrounding the natural aggregate on all sides, but the
aggregate generation method presented in this chapter only considers one or two
surface locations. The main focus of the proposed method was to implement a novel
methodology to capture fundamental RCA aggregate property variations (i.e., shape,
size, gradation, adhered mortar content, aggregate ratio, etc.), and to understand
how those factors would affect the mechanical behavior of numerically simulated RCA
systems. The simulation metrics is shown in Table 4.2.
An RCA system is a heterogeneous material that requires property assignments
for each material phase in concrete meso-scale modeling. Regardless of the mechanical
properties of each component in the RCA system may vary due to several reasons such
as; aggregate source, age of the parent concrete, mixture proportions of the concrete,
or chemical influence from the additives, average mechanical properties were assigned
for the current material phases in this study by considering parametric analysis
results that was used in a prior research [29]. Similarly, based on a factorial design
analysis on the influence of variability of material properties in RCA components
studied by the authors, it showed that the mechanical properties of RCA systems
were governed by the relative stiffness difference of the major material components
(i.e., natural aggregate, cement mortar matrix, and adhered mortar) [41]. Due to
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Table 4.2 Simulation Metrics of RCA Systems Prepared for the Numerical Study
Simulation

Aggregate

Maximum

Adhered mortar

No. of adhered

RCA

ID

shape

aggregate size

level (content [%])

mortar locations

ratio

C-12N0-0.50

12 mm

None (0%)

0

0.50

C-12Ll-0.50

12 mm

Low (8.60%)

1

0.50

25 mm

Low (9.97%)

1

0.50

12mm

Low (6.50%)

1

0.30

C-12M2-0.50

12mm

Moderate (31.02%)

2

0.50

C-12H2-0.50

12mm

High (78.43%)

2

0.50

R-12N0-0.50

12 mm

None (0%)

0

0.50

R-12Ll-0.50

12mm

Low (7.44%)

1

0.50

25mm

Low (10.97%)

1

0.50

12mm

Low (9.38%)

1

0.30

R-12M2-0.50

12mm

Moderate (46.98%)

2

0.50

R-12H2-0.50

12mm

High (63.03%)

2

0.50

C-25Ll-0.50
C-12Ll-0.30

Crushed

R-25Ll-0.50
R-12Ll-0.30

Rounded

such plausible material property variabilities, a reliable set of material property
data that fits the components in RCA systems need to be used in the numerical
simulations as input parameters. Therefore, each material phase was assigned an
elastic modulus, compressive strength, tensile strength, and Poisson's ratio as a result
of such parametric studies mentioned above. Representative values for aggregate,
adhered mortar, and mortar matrix elastic moduli were used as input variables
based experimental studies performed on the material properties in RCA systems
[29, 30, 212]. Representative material properties for interfacial transition zones were

obtained through the nanoindentation results from prior research [226-228]. Poisson's
ratios were defined as 0.20 for both the interfacial transition zones according to
experimental work by Ramesh et al. [229]. The tensile fracture energy due to the crack
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opening mode of a material for the aggregate phase was obtained from the available
literature [230], and this parameter was assumed based on proportional scaling or
obtained from the literature [29, 30, 212, 226-228] for other material phases in the
RCA system. A constant shear retention factor of 1% was used for each material
as the shear stiffness decreases with the crack initiation in the composite material.
Table 4.3 summarizes the material properties that were used in the numerical analysis
for different RCA systems.
Table 4.3 Material Properties of the Constituents in RCA System
Elastic modulus

Compressive strength

Tensile strength

GPa

MPa

MPa

Aggregate

70.00

144.0

9.60

0.16

0.1628

Adhered mortar

28.75

45.0

3.00

0.22

0.0509

Mortar matrix

26.45

41.4

2.76

0.22

0.0468

Old ITZ

17.50

36.0

2.40

0.20

0.0407

New ITZ

16.10

33.1

2.21

0.20

0.0371

Material phase

4.3

Poisson's ratio

Fracture energy
N/mm

Damage Constitutive Model

In computational modeling of concrete materials, damage and fracture phenomena
have been modeled using elasticity, plasticity, visco-elasticity, and fracture-energy
based formulations [167, 190, 237]. Concrete based materials are known to have a
quasi-brittle response [251] and failure occurs due to the initiation and propagation
of micro-cracks under applied stresses or deformations. In this study, the numerical
simulations were subjected to compressive loading, and a total strain-based fixed
crack constitutive material model was adopted with a parabolic softening curve in
compression [206].
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4.3.1

Loading Geometry and Support Conditions

The numerical analysis for the 12 RAC systems were subjected to uniaxial compression,
and the material behavior due to the aggregate influence on the mechanical
performance was studied. The uniaxial compressive load was applied as a prescribed
deformation at the topmost nodal points of the material geometry consisting of
8-noded quadrilateral elements for a representative concrete cross section as shown in
Figure 4.5. Each deformation step was applied on the RCA systems with a magnitude
of 10 µE. The prescribed deformation was applied monotonically until the concrete
system failed under compression. Nodal point boundary conditions were prescribed
at the bottom face of each RCA system. The left most node was restrained in both Xand Y- global directions, and the remaining nodal points were restrained only along
the global Y- direction.

4.3.2

Finite Element Mesh Generation and Analysis Procedure

The pre-processing functionality in DIANA interactive environment (DianaIE) was
used to mesh the randomly generated geometries through an automated python script.
Since the concrete geometry was 100 mm x 100 mm and the pixel dimension of the
image was 200 x 200, the mesh size was used at 0.50 mm x 0.50 mm consisting of
8-noded quadrilateral plane stress elements. A quadratic mesh order was adopted for
each 8-noded element, and the intermediate nodal point displacements were evaluated
based on a linear interpolation scheme.
Figure 4.6(a) and Figure 4.6(b) depict two of those representative finite element
meshes that were generated out of twelve simulations for RCA systems. The adhered
mortar contents were calculated for each RCA system based on the ratio of the number
of elements covered by adhered mortar material phases to the sum of the total number
of elements covered by the adhered mortar, old ITZ, and natural aggregate phases.
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Figure 4.5 Loading geometry with 8-noded elements and the boundary condition
setup of a representative cross section for RCA systems.

The number of pixels for each material phase was identified based on the assigned
color intensity for each corresponding element of the RCA system.
The analysis procedure of the finite element models were based on an incrementaliterative solution procedure followed by a Quasi-Newton secant method with BroydenFletcher-Goldfarb-Shanno (BFGS) iteration method. This iterative solution procedure
was chosen because it showed quicker and more stable convergence as compared
to regular and modified Newton-Raphson methods. A strain increment of 10 µE
was applied to the specimen through prescribed displacements where at times, 1 µE
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Figure 4.6 Representative finite element mesh generations; (a) crushed RAC system
(b) rounded RAC system (c) material legend.

strain increments were used to improve the convergence performance. Three different
convergence criteria were set in the analyses for force norm, displacement norm, and
energy norm with respective tolerances of 1%, 0.1%, and 0.01%.

4.4
4.4.1

Numerical Analysis Results

Stress-strain Behavior of RCA Systems - Crushed Recycled Concrete
Aggregates

Based on the numerical simulations, the stress-strain relationships of the crushed
RCA systems under uniaxial compressive load are shown in Figure 4. 7. The stressstrain relationships of the crushed RCA systems showed a linear material behavior
as it followed up to the peak response, and then it experienced through a slight
parabolic softening phase and failed at the corresponding ultimate strain capacities.

It is clearly seen that the simulation C-12H2-0.50 showed a higher compressive stress
while displaying the highest peak strain capacity compared to other RCA systems in
Figure 4. 7. The main reason is that this particular simulation had the highest adhered
mortar content of 78.43% with the majority of the recycled aggregate area covered by a
material phase with low stiffness (i.e., adhered mortar phase). Due to the high adhered
mortar content, the effective stiffness of the recycled aggregate was reduced and it
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showed compatibility improvements with enhanced mechanical response compared to
the other crushed RCA systems. This behavior was characterized through shrinkage
testing by Adams et al. [25], and numerically confirmed by Jayasuriya et al. [41],
where it was concluded that higher adhered mortar contents led to an improved
cracking resistance against drying shrinkage which allowed the material to further
deform under shrinkage stresses. In contrast, the simulation C-12N0-0.50 (i.e., natural
aggregate system) exhibited a lower strain capacity, due to the existence of large
stiffness heterogeneity of material stiffnesses in the concrete system with no adhered
mortar attached to the natural aggregate.
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Figure 4. 7 Stress-strain relationships for crushed RCA systems through finite
element simulations.
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When the maximum aggregate size was increased for RCA systems with lower
amount of adhered mortar content, the compressive strength dropped as shown in
the simulation C-2511-0.50 of Figure 4.7.

As the compressive load was applied

on this system, the strain deformation favored to propagate towards the material
phase which had the highest stiffness value (i.e., natural aggregate). However, the
strain deformation in natural aggregate was extremely low due to the higher material
stiffness and material toughness.

Therefore, the tensile strains from the lateral

deformations were easily developed on the outside of the natural aggregate region
and penetrated into the other material phases followed by the interfacial boundaries.
Among the simulations with a maximum aggregate size of 12 mm and aggregate
ratio of 0.5 (i.e., C-1211-0.50, C-12M2-0.50, C-12H2-0.50), it was observed that, as
the adhered mortar content was increased from 8.60% to 78.43%, the peak strain
deformation increased by approximately 28%. These results confirmed that higher
adhered mortar contents in RCA systems resulted higher deformation capacities. This
behavior was mainly due to the improved stiffness compatibility between the adhered
mortar and mortar matrix which resulted in minor stress localization upon loading.
The simulation C-1211-0.30 showed the lowest compressive strength of 22.6 MPa due
to the reduction of aggregate ratio with low adhered mortar content. The simulated
finite element models for crushed aggregates showed how RCA physical properties
such as RCA particle size, adhered mortar content, and RCA ratio can affect the
strength properties.
Modulus of elasticity of RCA systems quantifies the resistance of elastic
deformation under an applied load.

The stress-strain relationships in Figure 4. 7

depict a variety of elastic moduli levels depending on the composite stiffness of the
RCA systems. Representative elastic moduli of RCA systems were calculated by
computing the gradient between the point of zero stress and strain, and the point at
40% of the maximum compressive stress [131, 132]. The highest elastic modulus was
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obtained in simulation C-2511-0.50, where a large portion of the aggregate area was
covered by the natural aggregate phase. In contrast, the lowest elastic modulus was
observed in simulation C-12H2-0.50 which had the highest adhered mortar content in
the RCA system. Based on these results, the RCA elastic modulus was governed by
the stiffness of the natural aggregate portion, since the material stiffness of this phase
was greater than any of the material stiffness in the RCA system. Table 4.4 shows the
variation of compressive strength and elastic modulus obtained from the numerical
analyses where a trend was observed that the natural aggregate ratio of the total
concrete area was proportional to the elastic modulus of the RCA system. The ratios
of natural aggregate phase were calculated based on the number of corresponding blue
color elements in the natural aggregate area over the total number of elements (i.e.,
40,000 elements) in each RCA model. When the adhered mortar content was increased
from moderate to high levels, the elastic modulus was drastically decreased due to
the low stiffness of the adhered mortar resulting a lower global stiffness. Similar
type of material behaviors were found based on other numerical studies simulated
by the authors for stress-strain behavior with RCA cored samples under the same
loading condition for varying adhered mortar contents adopting a constant aggregate
geometry [22, 41].
Overall, the RCA compressive strength performance improved with increasing
adhered mortar levels. For example, it was found that the compressive strength
improved by 14% when increasing the adhered mortar content from 8.60% to 78.43%.
Further, at higher adhered mortar level, the RCA system reached larger strains before
softening. On average, the peak simulated strain was 891 µE with a standard deviation
of 20 µE for systems containing low to moderate adhered mortar levels; however, the
strain capacity increased by 35% when high adhered mortar level was used in the RCA
system. The elastic modulus was governed by the area of natural aggregate in the
RCA systems, and decreased with increasing amounts of adhered mortar content. For
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Table 4.4 Mechanical Properties for Crushed RCA System

Simulation

Ratio of natural aggregate area to Compressive strength Elastic modulus

ID

total concrete area

[MPa]

[MPa]

C-12N0-0.50

0.2710

24.8

29909.1

C-1211-0.50

0.2221

24.3

27718.9

C-2511-0.50

0.2739

23.8

30558.1

C-1211-0.30

0.2269

22.6

28290.3

C-12M2-0.50

0.2248

22.8

28281.3

C-12H2-0.50

0.0590

27.8

25739.5

example, the elastic modulus decreased by 7.1% when the adhered mortar increased
from 8.60% to 78.43%.

4.4.2

Stress-strain Behavior of RCA Systems - Round Recycled Concrete
Aggregates

The stress-strain relationships of numerical simulations for round RCA systems are
depicted in Figure 4.8. Overall, the compressive peak stresses of round RCA systems
were found to be slightly lower than that of crushed RCA systems. These results were
expected due to the higher residual shear retention of crushed aggregates from their
angularity. Typically, this type of shear resistance is observed due to the aggregate
interlock which provides an increased resistance against shearing. Both aggregate
systems showed that, as the adhered mortar content was increased from moderateto high- levels, the peak strain deformation and the peak strength were prominently
increased due to the higher material stiffness compatibility in RCA systems. In this
regard, simulation R-12H2-0.50 recorded the highest compressive strength of 23.8
MPa with an adhered mortar content of 63%. However, it was observed through
the simulations that regardless of the level of adhered mortar in rounded RCA
systems, the peak strength capacities were extremely limited due to the lack of shear
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resistance from the round geometry of the aggregate. Therefore, unlike the crushed
RCA systems, it was less likely to further increase the compressive strength with
the adhered mortar level being considered for rounded RCA systems in this study.
However, in spite of the geometric constrains in round aggregate systems, the strength
capacity could be improved by increasing the adhered mortar content than 63% due to
the consideration of stiffness compatibility in the concrete system. Regardless of the
aggregate shape, it is generally considered that aggregate size is inversely proportional
to the concrete strength. However, simulations R-12Ll-0.50 and R-25Ll-0.50 showed
that even with larger aggregate sizes, more adhered mortar contents could increase
the compressive strength and improve the mechanical performance. Although the
aggregate ratio was reduced to 0.30, the round RCA system (i.e., R-12Ll-0.30) did
not show a sudden strength loss as compared to that of the crushed RCA system
(i.e., C-12Ll-0.30) due to the induced smooth stress distribution around the round
aggregate geometry. Compared to the RCA systems with 0.50 aggregate ratio, 0.30
aggregate ratio systems typically exhibit higher mechanical performances due to the
existence of less stiffness heterogeneity across the composite material, and even with
round geometry of the aggregate particles, the strength is further improved.
The elastic moduli of RCA systems were governed by the natural aggregate
phase ratio in the RCA system.

Table 4.5 illustrates the mechanical properties

obtained from the numerical analyses for each simulation and results show how the
elastic modulus increased with the natural aggregate phase ratio. The elastic moduli
results for rounded RCA systems showed the same trends as that was observed in
crushed RCA systems. Besides the aggregate shape-effects in the concrete system, the
elastic modulus for all of the simulated RCA models was relatively consistent with
an average elastic modulus of 28340 MPa and a standard deviation of 1668 MPa.
Further, the RCA stiffness was decreased with a higher amount of adhered mortar
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Figure 4.8 Stress-strain relationships for round RCA systems through finite element
simulations.

content in the concrete system due to the lower stiffness of the old mortar phase
compared to natural aggregate phase.
In models containing no adhered mortar to a moderate adhered mortar, the
round aggregate systems showed 3.4% lower compressive strength, on average, than
the crushed aggregate systems due to the lack of aggregate interlock and low
angularity.

At high adhered mortar levels, rounded aggregates exhibited a 14%

compressive strength reduction compared to the corresponding crushed aggregate
system. When examining the round aggregate systems alone, it was observed that,
as adhered mortar content increased, the round RCA mechanical properties were
affected in a similar manner to the crushed aggregates. For example, compressive

117

Table 4.5 Mechanical Properties for Round RCA System
Simulation

Ratio of natural aggregate area to

Compressive strength

Elastic modulus

ID

total concrete area

[MPa]

[MPa]

R-12N0-0.50

0.2697

23.3

28860.6

R-1211-0.50

0.2891

22.3

29290.3

R-2511-0.50

0.2907

22.8

30668.7

R-1211-0.30

0.2110

23.1

28333.3

R-12M2-0.50

0.1517

22.8

26702.9

R-12H2-0.50

0.1058

23.8

25729.7

strength increased by 6.7% and the peak strain before softening increased by 19%
when the adhered mortar content was increased from 7.44% to 63.03%. The elastic
modulus decreased by 12% when the adhered mortar content was increased from
7.44% to 63.03%.

4.4.3

Principal Strain Distribution on RCA Systems

Principal strain contours for both compression and tension at the peak response are
shown in Figures 4.9 and 4.10, respectively. These figures represent the principal
strain distributions at the corresponding peak response of each RCA system that was
simulated. The lower and upper contour limits for compressive strain distribution
were used between -0.003 and 0, respectively, considering the maximum compressive
strain capacity of concrete.

According to the concrete compressive strength and

tensile strength relation (i.e., ft= 0.94~) studied by Legeron and Paultre [252], it
was found that the maximum tensile strain capacity (E) was nearly 0.0005 considering
the average tensile strength Ut) of concrete as 3.44 MPa through a Monte Carlo
simulation of 100 samples tested under uniaxial tension [190] and average elastic
modulus (Ee) of the twelve simulations of 28340 MPa. It is important to examine both
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the compressive and the tensile principal strain profiles of RCA systems especially near
the peak response, as the failure of concrete can be promoted due to large deformation
under compression or due to the lateral deformation of the material caused by the
global response.
It can be seen from Figure 4.9 that under the uniax:ial load, the RCA systems
have performed quite satisfactorily such that, the principal compressive strains
have just reached up to the concrete crushing strain capacity of 0.003 at the peak
level that can allow further deformations under compression. Therefore, it can be
confirmed that, the strain distributions of all the concrete systems simulated under
compression showed similar trends regardless of the induced heterogeneity from the
material stiffness, and at the peak response, the new ITZ was the only material
phase that was subjected to higher strain levels. But considering Figure 4.10, the
corresponding principal tensile strains have already reached up to that capacity and
the material fracturing was initiated even before the ultimate crushing occurred. This
was identified as the material had undergone a softening phase where the material
can no longer resist the applied strain deformation due to the drastic change of the
overall material stiffness. During this period, according to the mesoscopic simulations
performed, it was believed to have micro-cracks initiated at the new interfacial
transition zones, and eventually failed due to interfacial cracking while the material
response continued to proceed beyond the peak level as shown in Figure 4.10. Similar
type of material behavior was observed in other experimental findings in the literature
[29, 212], which further confirms that the current numerical simulation results exhibit
a realistic point of view. Despite the shape of the recycled aggregates, the principal
tensile strains have initiated near the new ITZ at first and then, further propagated
into the old ITZ. However, this sequential order of the cracking pattern could be
reversed depending on the geometric orientation of a recycled aggregate that would
pertain an interfacial transition zone (i.e., new or old ITZ) along the loading direction.
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Alternations in strain transfer mechanism were attributed to strain localization near
the intersection of the ITZ phases (i.e., location where both new and old ITZs).
Rapid tensile strains localization was observed at locations when the old ITZ was
aligned in the direction of the loading plane, causing accelerated damage progression.
Thus, more tensile strain deformations were accumulated on such areas and interfacial
cracking failure potentials were expedited.
The two RCA systems that contained 25 mm maximum aggregate size showed
that larger particles tend to induce higher tensile strain deformations (i.e., cracking
potential) as depicted under simulations C-25Ll-0.50 and R-25Ll-0.50 in Figures
4.lO(a) and 4.lO(b). This was due to the higher effective curvature of the interface
cracking path associated with the larger aggregate size.

This resulted a poor

performance of the RCA system providing a low compressive strength. Further, it
can be seen from the simulation R-25Ll-0.50 in Figure 4.lO(b) that, when the RCA
system reached to its peak stress, the principal tensile strains have created a clear
cracking surface on the material due to the smooth formation and interconnectedness
of the tensile strain contours around the round aggregates. This explains that the
mechanical performance of RCA systems with larger round aggregate particles and
low adhered mortar content level is highly vulnerable of getting damaged under
applied compressive loading.
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Figure 4.10 Principal tensile strain profile for the simulated RCA systems; (a) crushed RCA systems (b) round RCA systems.

4.4.4

Comparison of Numerical Analysis Results with Experimental Data
Through a Literature Investigation

The numerical study was carried out based on a randomly generated aggregate
distributions for RCA systems containing 0% and 100% replacement levels of recycled
aggregates. In order to verify the mechanical responses of simulated RCA systems,
a number experimental studies were analyzed and compared with the numerical
analysis results. The attached APPENDIX A illustrates the literature studies that
were incorporated to study the variability of the compressive strength and the elastic
modulus of RCA systems compared to the numerical simulations obtained from the
current study. The literature investigation included normal weight concrete systems
consisting of recycled aggregates and natural aggregates, where no system was higher
than a compressive strength of 40 MPa so that, potential outliers were eliminated. It
was noted that the experimental studies have used standardized testing procedures
with cube and cylinder specimens to quantify the compressive strength, where the
elastic modulus was evaluated using cylindrical specimens.
In total, 282 mechanical properties were found during the literature investigation, where 102 samples were found for systems with 0% replacement levels and
the remaining samples were obtained from 100% replacement levels.

Histogram

distribution of the compressive strengths and elastic moduli for those replacement
levels are depicted in Figure 4.ll(a) through 4.ll(d). The histograms of mechanical
properties exhibited a slight skewness to the left as the data was fitted to a Weibull
distribution. It has been found out that the Weibull distribution is more applicable
to fit brittle material properties and provide reliable justifications on the variability
of such materials in comparison to normal distribution functions [253]. Compressive
responses from the numerical simulations for 0% and 100% RCA replacement levels
are displayed in green circular markers in Figure 4.ll(a) through 4.ll(d), in which
the numerical results were within a two-standard deviation of the overall mean
distribution in the corresponding data set. The compressive strength of those concrete
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systems with 0% and 100% replacement levels in Figure 4.ll(a) and 4.ll(c) deviated
by 6.5 MPa and 6.7 MPa, respectively compared to the mean of the experimental
data set. The deviation for the elastic modulus was 6.3 GPa and 5.2 GPa for 0%
and 100% RCA replacement levels in the concrete systems, respectively as shown in
Figure 4.ll(b) and 4.ll(d). The numerical results on elastic moduli had showed less
variability compared to the data in the literature, which varied within one-standard
deviation of the mean distribution. Due to the fact that the compressive strength
is governed by aggregate size, aggregate shape, and relative stiffness, it may show
higher variability in performance in comparison to the elastic modulus which is mainly
controlled by the amount of aggregate area of the concrete system, and thus, showed
lower variability. Hence, the statistical results conveyed a realistic response of the
computational results from randomly generated aggregates.

4.5

Conclusion

A two-dimensional modeling methodology to generate random aggregate structures
for RCA systems was proposed in this chapter.

The aggregate generation was

formulated with a convex hull algorithm, where morphological aggregate properties
such as RCA maximum size, shape, aggregate ratio, gradation parameters, adhered
mortar content, and locations can be manipulated for a desired meso-level RCA
system.

Considering those random aggregate morphologies and geometries, 12

numerical simulations were performed for crushed and round RCA systems subjected
to a uniaxial compressive load to evaluate the capabilities of the methodology. An
image analysis procedure was adopted to generate the aggregate geometry and the
finite element mesh consisting of 8-noded quadratic quadrilaterals. Corresponding
mechanical responses and principal strain distribution patterns were studied for each
RCA system and eventually, the numerical results were compared with existing
experimental data through a database that was developed by the authors from the
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replacement level.

literature. The following conclusions are drawn from the numerical and statistical
analyses performed through the aggregate generation for RCA concrete systems.
1. Due to the combined effects of higher geometric angularity and aggregate
interlock, crushed RCA systems showed higher peak strengths compared to
round RCA systems.
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2. Higher adhered mortar levels contributed to relieving strain concentrations
during loading, which allowed RCA systems to reach higher strain capacities
before softening.
3. The general failure path due to lateral deformation of the concrete systems
initiated from new ITZ to old ITZ and branched into other material phases.
4. The RCA elastic modulus was primarily governed by the quantity of adhered
mortar area relative to the total concrete area, and therefore, the elastic modulus
decreased with increasing adhered mortar content.
5. The data obtained from the literature investigation for both RCA compressive
strength and elastic modulus at 0% and 100% RCA replacement levels were
left-skewed as they were fitted to a Weibull distribution function.
6. In all cases, the numerical results for RCA compressive strengths were within
two-standard deviations of the large database gathered from the literature, and
RCA elastic moduli were within one-standard deviation of the mean distribution
of the literature data.
7. The highest variability was exhibited in compressive strength response as it
was governed by many factors such as aggregate size, aggregate geometry,
stiffness, and aggregate volume, among others. The elastic modulus showed
less variability as it was primarily governed by the amount of adhered mortar
in the concrete system.
The results of this study provide researchers and engineers a method to
randomly generate meso-scale models of RCA systems using realistic aggregate shapes
and sizes. The aggregate generation method discussed in this chapter provides a
sophisticated method for researchers to study the morphological and mechanical
factors that may influence the response of RCA systems. Robust statistical techniques
(e.g., Monte Carlo simulation on the mechanical properties of individual material
properties), can be combined with aggregate generation method to understand
expected variability in mechanical properties of RCA systems.
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CHAPTER 5
STOCHASTIC MESOSCOPIC MODELING OF CONCRETE
SYSTEMS CONTAINING RECYCLED CONCRETE AGGREGATES
USING MONTE CARLO METHODS

5.1

Introduction

The use of recycled concrete aggregates (RCA), as a partial or full replacement of
natural aggregates in new concrete has been explored to mitigate the natural resource
demand required for the global production of concrete [130, 144]. A survey reported by
the United States Environmental Protection Agency has shown that 534 million tons
of construction and demolition waste were generated in 2014, from which 140 million
tons of RCA were produced [6]. Therefore, there are significant opportunities to
incorporate waste concrete from demolished concrete structures in new infrastructure
projects. Given that RCA is produced from waste concrete of systems with variations
in strength and material constituents, RCA materials can cause large variations in
mechanical and durability behavior when used in concrete. The disparity of the
RCA material properties can be further increased when the aggregates are processed
in recycling plants [53]. Consequently, the variability of the mesoscopic mechanical
properties of the main concrete material phases can influence the fresh and hardened
properties of RCA concrete systems.
RCA concrete systems have been extensively studied by replacing varying
amounts of natural aggregates with RCA, and examining the resulting mechanical
properties such as compressive strength, elastic modulus, and splitting tensile strength
[21, 22, 80, 98].

RCA concrete systems have been studied through small-scale

experimental and numerical studies; however, the data variability [21] and its
associated reliability analysis [254] has not been extensively investigated on the
strength properties of RCA concrete. Particularly, the variation of the mechanical
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properties of the adhered mortar, which is attached to the natural aggregate phase
in the RCA structure, can influence the overall strength properties of the system
[76, 255]. Further, the material and geometric heterogeneity of an RCA particle

is distinctively higher and more complex than a natural aggregate, due to the
multiphase materials of RCA particle such as the adhered mortar and old interfacial
transition zone (ITZ). Understanding the effects of statistically distributed mechanical
properties of recycled aggregate can improve predictions of strength of concrete made
with recycled aggregates.
Recently, a large statistical database was generated with a dataset that contains
concrete mechanical properties of RCA tested at laboratory- or field-scale levels
[74, 80, 139, 165, 256]. The data was then stochastically analyzed for a selective

sample size that represents actual concrete strength distributions [257-259]. Recent
advances have also been made to improve computational modeling and generation of
two-dimensional random aggregate geometries of RCA systems at a meso-scale level,
and numerically simulate the mechanical behavior under uniaxial loading conditions
[42]. In this chapter, a statistical approach to simulating RCA systems is adopted

wherein the multiphase material properties of RCA systems were stochastically
generated and used as input parameters for random aggregate geometries at different
RCA replacement levels.

The stochastic material properties were statistically

generated through a database analysis which was established based on the laboratory
experiments reported in the literature [190, 260, 261].
In this chapter, a systematic study of stochastic effects of material phase
variabilities on RCA concrete strength parameters was performed through an
extensive set of Monte Carlo numerical simulations using finite element modeling.
The Monte Carlo simulations help to better understand how variations in the
cementitious phases in RCA systems, such as adhered mortar and cement mortar
matrix, influence the hardened RCA concrete mechanical properties in uniaxial
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compression and tension loading conditions. Monte Carlo simulation outputs are
analyzed, and statistical results of simulations are compared with the responses from
the experimental database.

5.2

Research Significance

The concrete industry has eagerly adopted sustainability initiatives over the last
20 years.

However, RCA's incorporation into concrete has been limited due to

a lack of standardized methods for designing and using RCA stemming from the
variability in material properties of RCA. Utilizing a robust statistical tool; Monte
Carlo simulations were used to capture the influence of material property variability
on RCA concrete strength characteristics. Comparisons between concrete strength
distributions of stochastically generated numerical simulations and the concrete
system performance examined under an experimental statistical database analysis
can offer understanding of RCA mechanical properties and improve predictions of
concrete properties.

5.3

Experimental Database

The database was compiled from over 100 research articles after a thorough review
process, which can be seen in previous publications by the authors [257-259], wherein
data was collected for mixture design proportions of RCA concrete systems as well
as the hardened strength properties of each mixture provided in each dataset. The
results included in the database contained full or partial replacement of RCA with
natural aggregates, where no fine RCA or pozzolanic admixtures were incorporated.
In total, 742 independent RCA concrete mixture designs were considered in the
database [262], and the hardened strength properties of RCA systems were studied
for compressive strength (742 samples), elastic modulus (554 samples), and splitting
tensile strength (498 samples).
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5.3.1

Statistical Distributions of Mixture Proportions in the Database

The primary material constituents for normal weight concrete mixtures made with
RCA recorded in the database are water, cement, coarse aggregate (RCA and natural
aggregates), and fine aggregate (i.e., sand), where no other solid materials are used
such as pozzolanic materials. Due to the existence of large variability of the individual
material quantities that have been used in the mixture designs, three mixture design
proportion ratios [257] were calculated using the collected database of information to
further simplify the analysis process: effective water-to-cement ratio, cement-to-sand
ratio, and total aggregate-to-cement ratio. Corresponding histogram distributions of
each material proportion ratio are shown in Figure 5.1, in which the variability of
each distribution of the database exhibited Gaussian characteristics that was tested
and ensured through a graphical tool using quantile-quantile plots (i.e., QQ plot)
of the standardized data and the standard normal distributions. However, a slight
positive skewness was observed in each distribution owing to the higher mean and
median values of the distributions than the mode. The mean distributions for the
entire data set of effective water-to-cement ratio, cement-to-sand ratio, and total
aggregate-to-cement ratio were 0.48, 0.57, and 3.00, respectively with corresponding
standard deviations of 0.11, 0.22, and 0.86.
A reliability analysis conducted by Jayasuriya et al. [41] on the compressive
strength of RCA concrete material phases showed that the properties of the cement
mortar matrix were the second most statistically significant factor that influenced
the compressive strength in the RCA concrete mesa-structure subsequent to natural
aggregate stiffness. However, due to the effective water-to-cement ratio, the variability
of the cement mortar matrix properties is higher than the variations that were
seen in mineralogical properties of the natural aggregates in the experimental
database. Therefore, the effective water-to-cement ratio was the governing factor that
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Figure 5.1 Histogram distribution of mixture design proportion ratios; (a) effective
water-to-cement ratio (b) cement-to-sand ratio (c) total aggregate-to-cement ratio.

constituted the selection of other mixture design proportion ratios in the experimental
database.

5.3.2

Stochastic Generation of Mixture Design Proportion Ratios

The stochastic generation process utilized in this work is focused on initiating
probabilistic mixture design proportion ratios that represent the mixture design data
reflected in the experimental database. The stochastically generated mixtures are
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then used to simulate corresponding RCA concrete systems through finite element
analysis. Hence, the current study provides an understanding on how numerically
simulated recycled aggregate concrete is able to predict mechanical properties of
RCA concrete through comparisons with the data available in the experimental
database. The inputs to the numerical simulation accounts are provided through
Monte Carlo simulations wherein the effects of various phases of RCA concrete
systems are considered (e.g., cement mortar matrix, adhered mortar matrix, RCA
replacement ratio). Monte Carlo simulations are a method of probability analysis
completed by running a number of variables through a model in order to determine
the range of possible outcomes. Generation of stochastic mixture design proportions
from the database were obtained for effective water-to-cement ratio, cement-to-sand
ratio, and aggregate-to-cement ratio.
The distribution of effective water-to-cement ratio shown in Figure 5.l(a)
followed the statistical empirical rule (i.e., 68-95-99.7 rule), where it can be assumed
that the data cluster resembled a normal distribution. This empirical rule can be
applied and observed in approximately normal distributions such that the values
within one standard deviation of the mean account for approximately 68% of the
set; within two standard deviations account for approximately 95%; and within
three standard deviations account for approximately 99. 7% [263].

The range of

the distribution varied from 0.19 to 0.87, and according to the empirical rule, the
distribution was divided into three subregions (i.e., bandwidths) such that, it covered
70% of the data within the first standard deviation (i.e., 1-aw;c) of the mean, and the
remaining 30% of the data was below (i.e., 15% of data) and above (i.e., 15% of data)
the first standard deviation with equal proportions. Based on this data distribution
criteria, the first 15% of the data, second 70% of the data, and the last 15% of the data
were distributed between effective water-to-cement ratios of 0.19-0.39, 0.40-0.59, and
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0.60-0.87, respectively. The purpose of dividing the population into three bandwidths
was to reduce the number of random variables in later portions of RCA concrete.
After determining the three bandwidths for effective water-to-cement ratio,
corresponding material proportion ratios were then stochastically selected for cementto-sand ratio and aggregate-to-sand ratio by adopting conditional distribution
criteria. The conditional distribution is primarily evaluated based on the probability
density of a sub-population of a given set of data. Therefore, three independent
conditional distributions were established for cement-to-sand ratio and aggregateto-cement ratio given that, an effective water-to-cement ratio was randomly picked
based on its stochastic distribution from the experimental database.

Further,

the cement contents that were used in the experimental database were included
in the process to stochastically determine the aggregate content based on the
conditional probability that an effective water-to-cement ratio was stochastically
picked.

A detailed flowchart is shown in Figure 5.2 to illustrate the selection

criteria of conditional distributions and the corresponding conditional probabilities
for cement-to-sand ratio, aggregate-to-cement ratio, and cement contents based on
the selected effective water-to-cement ratio.
The number of stochastically generated material proportion ratios that were
needed for Monte Carlo simulations was estimated according to the principles
of population proportion technique. The population proportion is fundamentally
influenced by many factors such as the margin of error of the original population,
confidence interval that specifies the amount of uncertainty associated with the
estimate (i.e., the chance that the margin of error will contain the true proportion),
size of the population, and the likelihood of the sample proportion (i.e., the proportion
selected based on previous data proportioning) [264]. Therefore, the representative
sample size of the numerical simulations that was studied under Monte Carlo
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Figure 5.2 Schematic flowchart used for the stochastic generation of mixture design
proportions.
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simulation was determined based on the following sample size calculations provided
in Equation (5.1) and Equation (5.2),

N/3
N+/3-1

n=----

(5.1)

(5.2)

where n is the minimum sample size required,

N is the population size, /3 is the

assumed sample size, Z0 ; 2 is the critical value of the normal distribution at a/2 (i.e.,
for confidence interval of 90%, a/2 is 0.05, and the critical value is 1.645), p is the
sample proportion, and MOE is the margin of error. For the current study, 5%
margin of error, 90% confidence interval, 50% sample proportion for the cumulative
population of 742 RCA concrete properties in the database were chosen. Based on the
selected values, a total of 200 samples were stochastically generated for RCA concrete
systems, and numerically simulated under uniaxial compression and tension.

5.3.3

Selection of Representative Material Properties for the Numerical
Analyses

RCA concrete is a heterogeneous composite material comprised of five material
phases as shown in Figure 5.3, and has unique individual mechanical properties
[156, 200]. These five material phases include the cement mortar matrix, the adhered

mortar, the natural aggregate, the old ITZ between the natural aggregate, and the
new ITZ between the adhered mortar and the cement mortar matrix. Although
the hydrated phases of the interface adjoining the cement mortar matrix to the
natural aggregate and adhered mortar phases have minor differences in mechanical
properties at a microstructural level [169], the complete interface contacting the
cement mortar matrix to the overall RCA particle is considered as one ITZ region
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in this study to further simplify the complexity caused by the higher material
heterogeneity of the concrete system. However, since the emphasis of this study
is focused on studying the variability of the hardened material phases in RCA
concrete systems (e.g., cement mortar matrix, adhered mortar, and old/new ITZ
phases) influencing the concrete strength properties, the natural aggregate material
properties were kept constant.

Given that 200 samples of randomly generated

aggregate structures for RCA concrete systems were required, the material properties
of those five material phases were calculated based on the mixture design proportion
ratios determined through the stochastic generations (see Figure 5.2) for effective
water-to-cement ratio, cement-to-sand ratio, and aggregate-to-cement ratio.

The

effects of water-to-cement ratio and the cement-to-sand ratio on the cement mortar
mechanical properties were studied by Singh et al. [265], and the results showed that
the strength properties of cement mortar specimens under uniaxial compression and
split tension had excellent correlation when water-to-cement ratio was changed from
0.50 to 1.20 and the cement-to-sand ratio was incrementally changed from 1:3 through
1:7. Corresponding strength properties for compressive strength and splitting tensile
strength are shown in Figure 5.4, where similar relationships were adopted in this
study to define the cementitious material properties of RCA concrete systems. The
compressive and tensile strength properties were estimated based on the stochastically
generated mixture design proportion ratios obtained from the experimental database.
Consequently, the tensile and compressive properties were established for cement
mortar matrix and adhered mortar phases for each RCA concrete system over the
sample size of 200 different systems.
The amount of total aggregates generated in the numerical simulations was
based on the stochastic selection of aggregate-to-cement ratio and the cement content
as illustrated in Figure 5.2. First, the aggregate weight per unit volume was computed
by multiplying the aggregate-to-cement ratio by the cement content (i.e., in kg/m 3 )
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Figure 5.3 Schematic material phases in RCA concrete system at mesoscopic level.

for each experimental mixture in the database. Then, a representative volume was
computed by adopting the corresponding aggregate bulk densities obtained from
aggregate properties provided in the experimental database. Once the total volume
of the aggregates in the RCA concrete was known, the aggregate volume ratio of the
modeling geometry for numerical simulations was evaluated, and it was assumed as
the aggregate ratio that was needed as an input to populate the aggregate geometry in
the simulation. Since the numerical simulations are generated based on the database
results, the probabilistic nature of the RCA replacement levels was distributed over
the 200 samples by considering the proportional probability of each RCA replacement
that had been used in the experimental database. The elastic properties of each of
those material phases were coupled with the compressive strength, such that the
modulus of elasticity for the cement mortar matrix and adhered mortar was obtained
through an extensive parametric analysis performed by Xiao et al. [29].
The lack of systematic and accurate experimental data to determine the ITZ
properties has been a concern to understand the link between the main material
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phases in concrete. However, it has been observed that the ITZ regions increase the
cracking propensity of the RCA concrete due to the weaker interface characteristics,
regardless of whether it is the old ITZ region (i.e., between the adhered mortar and
natural aggregate) or new ITZ region (i.e., between the cement mortar matrix and
the RCA particle) [26, 169, 266]. Therefore, the material properties for both ITZ
phases have lower strength characteristics than the other material phases in the
RCA concrete system. Based on test data obtained through nanoindentation work
[29], the mechanical strength reduction of ITZ phases were assumed as 70% of the
main cementitious material phase (i.e., cement mortar matrix or adhered mortar)
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corresponding to the appropriate ITZ phase (i.e., new or old). Poisson's ratio for
all five material phases were considered as constants where the values for natural
aggregate [260], cement mortar matrix [29, 260], adhered mortar matrix [29], new ITZ
[229], and old ITZ [229] were used at 0.16, 0.22, 0.22, 0.20, and 0.20, respectively.
In order to capture a smooth concrete softening behavior near the peak response,
appropriate fracture properties need to be estimated. The ratio between the tensile
fracture energy and the compressive fracture energy was set at 0.10, such that the
RCA concrete material satisfied an exponential and parabolic softening behavior
for tensile and compressive responses, respectively.

Furthermore, the numerical

convergence was successfully captured for both the softening period and the post-peak
response, until the final material failure had occurred. Based on the studies performed
under meso-scale numerical analyses by Kim and Al-Rub [267] and Li et al. [268], the
ratio between the fracture energies of cementitious materials and their corresponding
ITZ phase was set to 0.80, and thus, similar ratios were used herein the study. A
summary of mechanical properties of the material phases in RCA concrete systems
that were adopted for the numerical Monte Carlo simulations is provided in Table 5.1.
The histogram distributions for stochastically generated random input variables are
depicted in Figure 5.5, where the compressive and tensile material properties of
cementitious materials (i.e., adhered mortar and cement mortar matrix) are provided
with the RCA replacement levels used in the numerical models.

5.4
5.4.1

Numerical Simulation Setup

Meso-scale Geometry of RCA Concrete Systems

A methodology to generate random aggregate structure at a meso-scale level utilizing
a comprehensive computational algorithm for RCA concrete systems was recently
developed by the authors [42]. The current study used an identical framework in
developing the aggregate structure for RCA in terms of particle size distribution,
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Table 5.1 Mechanical Properties of Material Phases in RCA Concrete System
Linear elastic properties
Material phase

Mechanical properties

Tensile

Elastic modulus

Poisson's

Compressive strength

Tensile strength

fracture energy

[GPa]

ratio

[MPa]

[MPa]

[N/mm]

Natural aggregate

70

0.16

144

9.6

0.455

Cement mortar matrix

19.8-24.8

0.22

17.5-27.4

1.4-2.9

0.04-0.08

Adhered mortar

19.8-24.8

0.22

17.5-27.4

1.4-2.9

0.04-0.08

New ITZ

13.9-17.3

0.20

12.2-19.2

1.0-2.0

0. 03---0. 06

Old ITZ

13.9-17.3

0.20

12.2-19.2

1.0-2.0

0. 03---0. 06

spatial distribution of aggregates, defining of randomly located adhered mortar
portions attached to the natural aggregate, aggregate boundary effects near the
concrete edge, etc. Although it is a reasonable justification to consider random pores
in the concrete system at a mesoscopic level, the porosity of the cement mortar matrix
has been considered in the mechanical properties of the matrix as they were obtained
from the experimental database. Therefore, the pores were not introduced in the
RCA concrete geometry, given that the RCA concrete systems may further inhibit
their strength performance which would underestimate the numerical results.
While previous research has claimed that the strength properties of RCA
concrete systems exhibit strong dependency on the RCA replacement level, residual
mortar content, and the particle shape [23, 42, 144, 269], this study mainly focuses on
examining the influence of the RCA replacement for angular aggregates with random
attachments of residual mortar contents to the natural aggregates. A substantial
proportion (i.e., more than 50%) of experimental mixture designs that were studied
in the database have adopted 20 mm maximum size crushed RCA, and thus, the same
maximum aggregate size was chosen in the numerical model geometry.
The numerical simulations were proportionally assigned to effective water-tocement ratio bandwidths discussed in the previous subsections based on the exper-
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Figure 5.5 Histogram distributions of stochastic input parameters; (a) compressive
strength of adhered mortar and cement mortar matrix (b) tensile strength of adhered
mortar and cement mortar matrix (c) tensile fracture energy of adhered mortar and
cement mortar matrix (d) RCA replacement levels.

imental database distributions. Out of 200 numerical models, proportions of 15%,
70%, and 15% were allocated to effective water-to-cement ratio bandwidths between
0.19- 0.39 (i.e., 30 simulations), 0.40- 0.59 (i.e., 140 simulations), and 0.60- 0.87

(i.e., 30 simulations), respectively.

The random geometries that were generated

for each numerical simulation had RCA replacement levels between 10- 100%, and
the corresponding total aggregate content covered 50- 56% of the overall concrete
geometry area which was identical to the subset of the experimental database used
for comparison as the aggregate properties (i.e., aggregate bulk density and total
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aggregate content) provided in the database information were considered during the
generation of numerical models. However, since the adhered mortar was not quantified
in the experimental database (due to a lack of available information in the original
studies), the adhered mortar was randomly distributed through the adopted algorithm
where adhered mortar content varied as a function of RCA replacement level. The
distributions of geometric properties of the numerical models represented by the three
bandwidths of effective water-to-cement ratio are provided in Table 5.2.

Table 5.2 Quantitative Estimates of RCA Particles Used in the Numerical Models
Effective water-to-

Number of

cement ratio bandwidth simulations

5.4.2

RCA replacement Adhered mortar Aggregate
level[%]

content [%]

ratio

0.19-0.39

30

20-100

1.24-35.50

50-54

0.40-0.59

140

10-100

3.86-37.80

52-56

0.60-1.00

30

10-100

1.37-33.33

51-54

Finite Element Modeling of RCA Concrete Systems

Adopting the image analysis criteria in random aggregate generation previously
developed by the authors [42], 200 numerical simulations were produced for varying
RCA replacement levels, aggregate distributions, and representative material properties
that were stochastically generated through the experimental database. The RCA
concrete geometries were implemented on a commercial finite element program;
DIANA Release 10.2.

Given the significant computational time incurred during

the generation of the 200 numerical models, the geometry of the concrete systems
in the simulations was chosen as 100 mm x 100 mm with plane stress elements.
The plane stress elements were comprised of 4-noded quadrilateral shape functions,
where the nodal loads and nodal point boundary conditions were assigned at the top
and bottom boundaries of each numerical model simulated as shown in Figure 5.6.

142

Static equilibrium along the horizontal direction of the model geometry due to the
load applied vertically at the top was maintained by assigning a pinned support
at the left-most corner, whereas vertical equilibrium was maintained through roller
supports at the remaining nodal points of the RCA concrete geometry. The reason
for the roller support assignment at the bottom boundary conditions was to prevent
strain localizations that would have been induced due to the lateral deformation from
the Poisson's effects of the RCA concrete system.
Increasing RCA replacement level
Tension

t t t t t t t t t

Compression

-----------

■
j

1 mm mesh size
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Figure 5.6 Schematic of compressive and tensile loading geometries for numerical
simulations; (a) loading geometry and mesh distribution (b) representative RCA
concrete geometries.

5.4.3

Material Models and Input Parameters for Nonlinear Analysis
Procedure

The damage constitutive relationship of each material phase in RCA concrete system
was captured by implementing a total strain-based fixed crack model developed by
Feenstra [206]. According to the constitutive relationship, the compressive and tensile
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material behavior of the post-peak response was captured through a parabolic and
exponential softening phase as shown in Figure 5.7 .
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0

Strain

Cracking strain

= Fracture energy

= Mode-I fracture energy

= Mesh size [1 mm]

= Mesh size [1 mm]

(a)

(b)

Figure 5. 7 Softening behavior of the material phases in RCA concrete system under
applied deformation conditions adopted by Feenstra [206]; (a) compressive response
(b) tensile response.
Input parameters for the nonlinear analysis were determined based on three
selective criteria; load incrementation criteria, iterative solution method criteria, and
convergence criteria. Since the load was applied on the nodal points on each RCA
concrete geometry as a prescribed deformation, a displacement control was adopted.
The prescribed deformation was 0.001 mm (i.e., strain increment of 10 µE), and it
was applied in the loading direction (i.e., for compression, vertically down, and for
tension, vertically up) until the equilibrium of the concrete system was no longer
satisfied. The solution of nonlinear system equilibrium equations was achieved by
adopting an incremental-iterative solution method. Therefore, this study followed a
Quasi-Newton secant method with Broyden-Fletcher-Goldfarb-Shanno (BFGS) [270]
iteration method. The accuracy of the solution in a nonlinear analysis is associated
with how close the solution to the equilibrium path measured by convergence criteria.
The convergence criteria for each numerical analysis were considered under three
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norm tolerances; force, displacement, and energy. In this chapter, the analyses were
based on the tolerances estimated at 1%, 0.1%, and 0.01% for force, displacement,
and energy, respectively, such that the complete material behavior was captured
throughout the loading period.

5.5

Monte Carlo Simulation Results

Uniax:ial compression and tension tests were numerically simulated on representative
RCA concrete systems based on the experimental database.

The motivation of

adopting a Monte Carlo simulation was to better understand the variability of the
influence of RCA replacement level, adhered mortar content, and the mechanical
properties of cementitious phases on the strength characteristics of RCA concrete
systems. The statistical responses of RCA concrete strength characteristics through
Monte Carlo simulations were studied for compressive strength, elastic modulus, and
tensile strength, where the experimental database strength results were compared
with the numerical outputs.

5.5.1

Variability of Compressive Strength

Numerically simulated compressive strengths (i.e., peak stresses) were determined
based on the stress-strain relationships developed for each geometry developed from
Monte Carlo simulations. As shown in Figure 5.8, the stress-strain relationships
were obtained by dividing the cumulative reaction forces at the nodal support
boundary conditions by the cross-sectional area (i.e., 100 mm x 100 mm) of the
concrete geometry at each deformation step, where the corresponding strain level
was calculated based on the length ratio between the applied deformation and the
initial length of the concrete model along the loading direction. Figure 5.8 depicts
all 200 simulated response as well as four characteristic stress-strain curves: three
average responses for the corresponding water-to-cement bandwidth (i.e., 0.19-0.39,
0.40-0.59, and 0.60-0.87) and one overall mean response. The characteristic curves
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shown in Figure 5.8 indicated that the average responses of the simulated RCA
systems showed a substantial reduction in the compressive strength performance
when the corresponding effective water-to-cement ratio bandwidths were increased
from 0.19 to 0.87. For example, the average compressive strength trends in RCA
concrete systems were 42 MPa, 40 MPa, and 32 MPa for water-to-cement ratios of
0.19- 0.39, 0.40- 0.59, and 0.60- 0.87, respectively. The standard deviations in these

respective bandwidths of water to cement ratios were 1.5 MPa, 0. 75 MPa, and 2.2
MPa, respectively.
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simulations.

Stress-strain curves under uniaxial compression for 200 Monte Carlo

A distribution comparison of the compressive strength results obtained through
the experimental database analysis and the numerical analysis is shown in Figure 5.9
at each effective water-to-cement ratio bandwidth. Based on the database analysis
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results within 0.19-0.39 effective water-to-cement ratio, the distribution of the
experimental database exhibited an average compressive strength of 45 MPa with
a standard deviation of 14.5 MPa. Corresponding numerical results predicted that
the average compressive strength was 40 MPa with standard deviation of 1.5 MPa.
For 0.39-0.59 and 0.60-0.87, the database showed average compressive strengths
of 42 MPa and 31 MPa with respective standard deviation of 10. 7 MPa and 12
MPa. Further, the corresponding numerical simulations showed average compressive
strengths of 39 MPa and 33 MPa with respective standard deviations of 0. 75 MPa,
and 2.2 MPa. Therefore, it was seen that the predicted average compressive strengths
of numerically simulated RCA concrete systems were in close agreements; however,
the variability in predicted strength observed in the experimental database was not
comprehensively captured in the simulations. Several possible reasons and limitations
were identified in this study that may have caused for the lack of variability exhibited
in the numerical simulations, and they are outlined as follows:
l. Aggregate morphology - In consideration of aggregate morphological charac-

teristics, such as maximum aggregate size, aggregate shape-effects, angularity,
elongation, and surface texture can influence the concrete properties [23, 42,
190], and collectively, these characteristics could cause higher order effects
on the strength properties of RCA concrete systems.

Such morphological

characteristics were not varied in combination in the numerical models due to
added computational time that would have been required. As such, a substantial
source of variability of RCA concrete strength properties was not captured
through the current numerical analysis.
2. Adhered mortar content - During the generation of random aggregate structures,
the adhered mortar content was randomly attached to the natural aggregate
phase using a similar generation algorithm for all the RCA concrete geometries.
Therefore, the amount of adhered mortar area and the location that it would
attach to the natural aggregate was not influenced by the experimental database
inputs. Furthermore, due to the lack of information that quantifies the adhered
mortar in the available literature review, the variability of concrete strength
properties is more susceptible to change at a greater extent. Therefore, the
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variability of the database for RCA concrete compressive strength could not be
captured through the current aggregate generation procedure in the numerical
simulations.
3. ITZ mechanical properties - Although the input parameters for the ITZ material
phases were incorporated in the meso-scale modeling of RCA concrete systems
based on a limited number of research findings [29, 167, 260], the actual
variability in in the ITZ properties (i.e., old ITZ and new ITZ) were not included
as there were no detailed descriptions available in the database. As such, the
true variability of these material phases is likely higher than what was used in
the numerical simulations, resulting in lower variability in the simulation results
compared to the database.
4. Selection of appropriate cementitious material properties - The Monte Carlo
simulations adopted in this study were used to examine the general trends of
RCA concrete strengths due to the variability in the cement mortar matrix and
the adhered mortar phase. The mechanical properties of cementitious phases
were considered according to the selection of effective water-to-cement ratio and
the cement-to-sand ratio, where the properties were estimated based on a study
performed for cement mortar in which the mechanical property trends were
interpolated with discrete experimental data points fitted through a nonlinear
regression analysis [265] (see Figure 5.4).

5.5.2

Variability of Elastic Modulus

Elastic modulus for each simulated RCA concrete system was obtained through the
linear material behavior of stress-strain relationship under compression. According
to the standard procedures guided by ASTM C469 [141], the elastic range of the
compressive stress-strain curve was determined based on the gradient between zero
stress and strain, and the point at 40% peak compressive strength.

The elastic

modulus of the numerical models in this study was evaluated based on the same
criteria, where those elastic properties of RCA concrete systems were compared with
the experimental database results.
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Figure 5.9 Comparison of compressive strength histogram distributions for effective
water-to-cement ratio bandwidth; (a) 0.19<W/Ceff.<0.39 (b) 0.40<W /Ceff.<0.59 (c)
0.60<W /Ceff. <0.87.

The distributions of the elastic moduli of RCA concrete systems for the
numerical models and the experimental database are shown in Figure 5.10 at each
effective water-to-cement bandwidth. The average elastic modulus of the database
results for the three effective water-to-cement bandwidths 0.19- 0.39, 0.40- 0.59, and
0.60- 0.87 were 29.6 GPa, 28 GPa, and 25 GPa, respectively, where the numerical
simulation results for those corresponding bandwidths were 56 GPa, 57 GPa and
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53 GPa.

The standard deviations for the database results were approximately

7 GPa, 6 GPa, and 6 GPa, while for the numerical results, it was 3.3 GPa, 3
GPa, and 3.8 GPa, respectively, considering the same effective water-to-cement ratio
bandwidths 0.19-0.39, 0.40-0.59, and 0.60-0.87. According to the distributions shown
in Figure 5.10, the mean response of the numerical simulation results exceeded the
experimental database results. It is hypothesized that two main sources of error
caused this divergence. First, a study performed by Jayasuriya et al. [42] concluded
that the elastic modulus was primarily governed by the amount of adhered mortar
content in the RCA concrete system.

Since the experimental database did not

have adhered mortar contents quantified, correlative numerical results could not be
obtained.
Another aspect that leads to noncomplementary numerical results is due to the
higher stiffness that often exhibited by the numerical simulations compared to physical
experiments [271]. Although the material properties for RCA concrete systems are
assigned into the numerical models precisely, the realistic structural properties of
concrete such as the effects of the concrete pore geometry, boundary conditions, and
localized strain rates cannot be directly related to a larger dataset of experimental
results. Therefore, the numerical results tend to result in systems that behave with
higher stiffness compared to real experiments.

5.5.3

Variability of Tensile Strength

The evaluation of tensile strength response was completed by subjecting the numerical
simulations to a direct tensile load applied at the top-most nodal points of each
finite element model geometry. Identical RCA concrete geometries, support boundary
conditions, strain increments, material properties, constitutive relationships, iterative
solution method, and convergence criteria were assigned for each Monte Carlo
simulation sample.

The only difference between the compressive and tensile
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Figure 5.10 Comparison of elastic modulus histogram distributions for effective
water-to-cement ratio bandwidth; (a) 0.19<W/Ceff.<0 .39 (b) 0.40<W /Ceff.<0.59 (c)
0.60<W /Ceff. <0.87.
simulations was that the prescribed loading direction was applied upwards m the
tensile numerical simulations.
Numerical simulation results were obtained for 200 RCA concrete systems under
uniaxial tension where corresponding stress-strain curves were established as shown
in Figure 5.11. Since the RCA concrete systems were loaded in tension, the expected
softening phase was captured with an exponentially decaying function. In addition
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to the stress-strain curves for the 200 responses shown in Figure 5.11, four other
characteristic average curves are reported, representing the mean response for each
bandwidth of water-to-cement ratio, and the overall mean response. The overall
average tensile strength was recorded as 3.50 MPa with a standard deviation of 0.45
MPa. The average tensile strength response of the RCA concrete systems that were
within the first standard deviation of the effective water-to-cement ratio coincided
with the overall average response of the 200 numerical simulations. Furthermore,
the average responses of RCA concrete systems that were below and above the
first standard deviation of effective water-to-cement ratio resulted in average tensile
strengths of 4.10 MPa and 2.70 MPa, respectively, with corresponding standard
deviations of 0.32 MPa and 0.20 MPa.
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simulations.

Stress-strain curves under uniaxial tension for 200 Monte Carlo
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Figure 5.12 depicts the histogram distribution of the tensile response of RCA
concrete systems obtained through experimental database and numerical simulation
results at each effective water-to-cement ratio bandwidth. The distribution of the
two approaches shown in Figure 5.12 shows a good representation in terms of the
average tensile response comparisons. Within the effective water-to-cement ratios
0.19-0.39, 0.40-0.59, and 0.60-0.87, the average tensile strengths for database results

and numerical results were 3.4 MPa, 3.2 MPa, 2.4 MPa, and 4.1 MPa, 3.5 MPa, 2.7
MPa, respectively. Also, the standard deviations for the obtained for the database and
the numerical simulations were 1.3 MPa, 1 MPa, 0. 7 MPa, and the 0.3 MPa, 0.2 MPa,
0.2 MPa, respectively, under the consideration of the corresponding effective water-

to-cement ratio bandwidths. Based on these distributions studied here, it showed
that the variability of tensile strength in the experimental database is higher than
that of the numerically simulated RCA concrete systems. However, when comparing
the RCA concrete material behavior in compression and tension, the variability of
the numerical simulations of RCA systems under tension contained a substantial area
of the distribution than observed in the compressive response (refer Figure 5.9 and
Figure 5.12).
Variability in observed tensile strength was indicative of how the fracture process
for RCA systems loaded under pure tension can be highly complex and variable due
to the existence of ITZ phases, promoting different fracture paths unlike the concrete
systems that were loaded in compression [29, 118, 167]. In order to visualize and
compare the damage occurrence due to higher strain deformations, three representative RCA concrete systems were selected from three effective water-to-cement ratio
bandwidths that contained approximately 20% RCA content. Figure 5.13 depicts
the principal strain variation at each of the peak responses related to tension and
compression, and it is clear that, under tension, the concrete material is subjected to
a higher principal tensile strains, localized near the ITZ phases (i.e., both old/new
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Figure 5.12 Comparison of tensile strength histogram distributions for effective
water-to-cement ratio bandwidth (a) 0.19<W /Ceff.<0.39 (b) 0.40<W / Ceff.<0.59 (c)
0.60<W /Ceff. <0.87.
ITZ). In contrast, the compressive behavior of RCA concrete had limited strain
localization only at the new ITZ, where the peak response was achieved at higher
strain deformation (e.g., 10 times more than that of tensile peak strain). Therefore,
it can conclude that strain localization at multiple areas (i.e., old and new ITZ) is a
source of variability in the tensile strength of RCA concrete systems.
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Figure 5.13 Principal strain variation under tension and compression of representative RCA concrete geometries.
5.6

Conclusion

Monte Carlo methods were used to generate random inputs to numerical finite element
models to investigate how variability of the cementitious phases in RCA concrete
systems influence simulated mechanical properties. In total, 200 simulations were
statistically studied under uniaxial compression and tension loading conditions, and
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results were compared with an experimental database for compressive strength, elastic
modulus, and tensile strength. Based on the analysis results, the following conclusions
were drawn:
1. The average compressive strength of stochastically developed numerical models

showed excellent predictions compared to that of the results displayed in the
experimental database, where the difference between the predicted and the
experimental average compressive strengths was 6%.
2. The variability in predicted compressive strength was not well captured in the
numerical simulations due to limitations such as aggregate morphology, presence
of adhered mortar in the form of RCA, reliability of the sources that the material
properties were stochastically estimated from, and the lack of information of ITZ
material phase properties. Therefore, further information needs to be developed
understanding the ITZ strength properties to better develop computational
models.
3. Although the average predicted elastic modulus of RCA systems did not match
the experimental database, the simulations were able to capture similar levels
of variability as observed experimentally.
4. Tensile behavior in RCA is an extremely complex mechanism due to the
existence of randomly dispersed ITZ zones (i.e., old/new ITZ), which consequently, increased the variability of tensile strengths of RCA concrete models.
5. With an increase in effective water-to-cement ratio, the variability of RCA
concrete compressive strength and tensile strength decreased due to the weak
cement mortar matrix properties, and damage was concentrated at the ITZ
phases.
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CHAPTER 6
DEVELOPMENT AND STATISTICAL DATABASE ANALYSIS OF
HARDENED CONCRETE PROPERTIES MADE WITH RECYCLED
CONCRETE AGGREGATES

6.1

Introduction

During World War II massive amounts of structural debris accumulated and this
spurred initial research into using construction and demolition (C&D) waste as
recycled concrete aggregates (RCA) in new concrete (RCA concrete systems) [43]. As
sustainable construction practices have become more common, using RCA concrete
has been the focus of significant amounts of research in the past few decades
[7-9, 272-275]. Waste concrete generation has increased significantly in the past 20
years due to replacement of old infrastructure, growing populations requiring newer
construction, and through natural failures caused by natural disasters [261, 276, 277].
Consequently, the massive amount of concrete waste disposal activities can initiate
environmental issues as the availability of landfills has reduced [275, 278]. Particularly
in urban regions, access to quality aggregates for use in concrete has decreased
resulting in a need to travel farther to access natural aggregates, further impacting
the sustainability of urban construction [279].

Thus, it implies that there is a

significant market and need to increase the utilization of RCA, but a lack of general
understanding of how to do so has acted as a blockade [85, 273, 280].
Worldwide, the utilization and the importance of reusing waste concrete as RCA
have been extensively discussed within the concrete and sustainability communities
but the discussions have been mainly concentrated on three major fields; 1) techniques
of producing RCA from waste concrete, 2) methods and guideline for evaluating
the quality and material classification of RCA, and 3) implementing regulations and
standardizations to encourage RCA application as a construction material [27]. The
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International Union of Laboratories and Experts in Construction Materials, Systems,
and Structures (RILEM) formed the first committee (37-DRC) in 1978 to study
waste concrete processing and recycling techniques, and presented a state-of-the-art
report covering the years 1945-1977 [43]. Subsequent versions of the report were
then implemented and introduced by RILEM on the reuse of concrete waste as a
construction material covering the years 1978-1985 and 1985-1989 [45, 46]. In the
1990s, the American Concrete Institute (ACI) committee 555 developed a guideline
for use of RCA that was updated in 2002 [47]. Existing consensus documentations
such as, ACI 555 [47], ASTM C33 [48], European RILEM Standards [54], Japanese
Industrial Standards [51, 52, 67], and German Standards (DIN) [50] place certain
limitations on the properties of RCA for when they can be used in concrete, but do
not provide information on reliability of achieving concrete strengths or durability
with traditional mixture design techniques when replacing natural aggregates with
RCA nor do they provide new mixture design information. Therefore, this research
is more focused on understanding and implementing proper guidelines to use RCA
in new concrete that has predictable strength properties and long-term serviceability
characteristics.
Research has shown that there can be large variability in the mechanical
properties and qualitative characteristics of RCA and RCA concrete [90, 257, 259].
This is caused by the variability of RCA as a material that is produced from multiple
waste concrete sources and through various RCA production measures.

RCA is

produced by crushing waste concrete with mechanically operated equipment into
aggregate size particles. Due to the crushing mechanism, an RCA particle consists
of two main material phases composed of adhered mortar and natural aggregate
as shown in Figure 6.1, where those phases are separated by an extremely thin
material layer known as the old interfacial transition zone (OITZ). When used as
an aggregate in new concrete, the new interfacial transition zone (NITZ) is the
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interface between the RCA particle and the new cement paste matrix. As a result of
large crushing forces applied through mechanical devices when RCA are produced,
micro-cracks can be initiated and weaken the adhered mortar phases as well as
the OITZ regions [158, 281]. Therefore, the amount of such mechanically induced
micro-cracks due to crushing operations can increase the porosity of the adhered
mortar in RCA, and it can yield inferior concrete strength which is associated with
lower toughness, lower density, and higher absorption [282]. Some work has been done
to repair and improve the aggregate quality of RCA materials adopting heat treatment
[283, 284], acid treatment [285, 286], polyvinyl alcohol (PVA) treatment [287], and

pozzolanic material treatment [115, 288, 289]. However, best practices have not been
developed due to the need of special mechanical equipment, longer processing times
required to carry out tests, and the increase of energy which devalues the purpose of
RCA utilization. Overall, the current research understanding on the post-processing
techniques of the crushed waste concrete still requires further investigations on how
to produce high quality RCA materials for concrete applications.
At a mesoscopic level, the adhered mortar attached to the RCA particle is
considered as a porous material due to the cementitious hydrated phase which
makes up a portion of the aggregate.

On average, an RCA particle is made up

of 25-60% of adhered mortar by volume [57, 269, 290] (20-70% by mass [79, 86]),
though others have reported significantly less contents [25]. Therefore, when RCA
materials are derived from unidentified parent concrete structures, the composite
behavior of concrete systems exhibit higher variabilities in strength characteristics
given that the adhered mortar has significant material property variations.

The

key strength characteristics of RCA concrete systems, such as compressive strength,
elastic modulus, splitting tensile strength, and flexural strength can show diverse
performances due to the material heterogeneity (i.e., stiffness compatibility), impurity
content (e.g., brick, asphalt, plastic, wood) [61, 291], and morphological parameters
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Natural aggregate phase

Adhered mortar phase
Old ITZ
New ITZ

Figure 6.1 Mesa-structure of material phases in an RCA particle.

(e.g., angularity and surface texture/roughness) [68]. Therefore, the predicted RCA
concrete material behavior is more complex compared to the natural aggregate
concrete systems. This also means that the existing concrete design guidelines and
formulations derived for conventional concrete cannot be utilized on RCA systems.
Therefore, new guidelines need to be developed, and this requires the formation of
large datasets which then need to be analyzed to understand the trends and variability
in RCA concrete.
Despite higher material variabilities, computer-aided modeling procedures such
as linear/non-linear regression analyses [292- 294], artificial neural networks [293, 295,

296], and genetic programming [261, 294] have been used to predict targeted responses
of RCA concrete strength properties. Furthermore, sophisticated database analyses
were also developed by Gholampour et al. [261] and Tosic et al. [297] to compare the
mechanical properties of both natural aggregate concrete systems and RCA concrete
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systems, and examined the influence of RCA replacement levels on the hardened
properties of RCA concrete systems. Additionally, the proposed formulations derived
in those studies were correlated against the existing concrete design codes, and the
differences have been reported [261, 297].

For example, Gholampour et al. [261]

carried out a database analysis to formulate the target strengths of RCA concrete
systems, and investigated the correlation between the compressive strength and other
RCA concrete hardened properties, such as elastic modulus, flexural strength, and
splitting tensile strength. In spite of observed variabilities, in their study showed that
RCA concrete strength trends with respect to compressive strength had compatible
relationships (i.e., correlation curves) compared to the global code specifications that
are prescribed for natural aggregate concrete systems. The strength characteristics
of shear and flexural strength in reinforced RCA concrete were studied by Tosic et al.
[297] through another database analysis approach. The database was composed of 16
experimental datasets, covering 217 strength property results, and the experimental
data were compared with the Eurocode 2 specifications [132]. The study concluded
that the experimental results correlated with the code specified predictions within
close agreements except for a few outliers. Database analysis is a useful tool to
understand and predict the variabilities of the mechanical responses of RCA concrete
systems. However, the use of statistical implications on database analyses studied
under RCA concrete mechanical properties have used relatively small datasets, and
it is required to establish a larger database that includes sophisticated statistical
indicators to predict the strength properties precisely. Therefore, the current work
has a greater emphasis in adopting advanced statistical tools and techniques that
yield better RCA strength predictions through the data analyzed in this study.
This chapter presents the development and statistical analysis of a large
database on carefully selected experimental data on RCA concrete strength properties
that are available in the literature. From this work, reliable and accurate predictions
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can be made, such that it effectively captures the RCA material variability. This study
serves as a supportive tool to develop, analyze, and interpret statistical data on RCA
concrete mechanical properties. Future use of this database and the provided results
will be able to be used to develop design methodologies for making RCA concrete
and improve risk assessments for agencies interested in using RCA. This work is a
key step in moving research on RCA concrete into practice.

6.2
6.2.1

Database Creation

Data Collection Process

One of the goals of this work was to create a large database that contained mechanical
properties from a variety of RCA concrete systems. The creation of this database
was completed through systematic review of experimental studies published in
peer-reviewed journal articles. Only articles published in English were considered
for this work. The selected peer reviewed articles were then read, cataloged, and
summarized into the database while confirming that there were no replications of the
same data over multiple articles. Experimental parameters used for each study were
carefully reviewed according to a data collection procedure, and the hardened strength
properties of RCA concrete systems used in the experiments (e.g., compressive
strength, tensile strength, elastic modulus, and flexural strength), the mixture design
parameters, and the RCA properties were extracted and recorded in the database.
Figure 6.2 illustrates the selection criteria that was adopted for the data collection
process in the database. A thorough cross section of articles has been searched and
studied to ensure that it encompassed a substantial representation of the international
research community.
During the construction of the database, keywords related to the current topic
were used to find relevant peer reviewed articles. The relevance of the keywords was
considered through a screening process before an article was determined whether
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Figure 6.2 Flow chart used for the database creation.

to include in the database or not.

In the primary screening process, all of the

keywords that were mentioned in the peer reviewed articles were collected, and stored
in a separate spreadsheet for further screening stages. Then the keywords and the
corresponding articles were compared against the topics relevant to RCA materials
and RCA concrete mechanical properties. A sample of the keywords obtained after
the secondary screening process is shown in Figure 6.2.1, where the higher keyword
relevance in the database generation is indicated by the larger font sizes, and the
smaller sizes represent less relevance. Subsequent screening processes were employed
to distinguish between experimental work and disregard the non-experimental works
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(e.g., computational or analytical studies, which were not considered) from the
database system. The research team did not consider concrete mixtures that included
fine RCA particles (i.e., RCA smaller than 4.75 mm); nor were the use of cementitious
materials other than Portland cement (even as small replacements) considered. While
the inclusion of fine RCA is of interest for future versions of the database, the
current available data is limited in scope. Systems using non-Portland cements or
supplementary cementitious materials are also of interest for future iterations of the
database, but the introduction of the additional set of variables was out of the scope
of work for this research.
Data extraction into the database from selected peer reviewed journal articles
was done using one of two methods depending on how that data was included in
each experimental work. If the experimental results related to the database (based
on the keyword selection) were presented in a tabular form, the data extraction was
done directly from the listed tables and entered into the database system. There were
occasions during the data extraction where the mechanical properties were presented
as a graphical interpretation, and as such, the research team utilized a digital data
processor to transpose the approximate values from the graphs. For this purpose,
the Plot Digitizer [298] program was used to digitize the graphs as an image, and
the data points were extrapolated based on the graphical scale. Since the selection
criterion of the peer reviewed journal articles is regulated by the keyword relevance to
the database topics, the existing research scope on RCA and RCA concrete systems
is limited by the conditional statements indicated in the flowchart in Figure 6.2.
Therefore, the number of selected journal articles that were required for the current
database was based on the keywords that were determined to be relevant to the
statistical study. As a result, the authors were able to obtain adequate amount of
literature information without any replication of the same data over multiple articles
reported in the database. After the database was created, an in-depth statistical
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analysis was performed based on the collected data, and the strength trends were
observed through non-linear regression analysis and conclusions were made using
selected statistical indicators.

6.2.2

Database Components

Following the flowchart provided in Figure 6.2, the database was created with more
than 2200 mechanical property data on RCA concrete compressive strength (933
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sample data) [8, 9, 19, 20, 31, 72, 74, 80, 88, 94, 98-101, 129, 130, 136, 138, 139, 144,

145, 147, 149, 150, 161, 165, 215, 256, 269, 278, 279, 299-343], elastic modulus (554
sample data) [8, 9, 20, 31, 74, 76, 80, 88, 100, 101, 114, 128-130, 136, 138, 139, 144,

146,149,150,161,165,215,256,269,300,303, 305-307, 312-315, 318,319,321,323,
324, 326, 327, 329-332, 338-340, 342, 344-347], flexural strength (237 sample data)
[76, 100, 114, 130, 136, 144, 146, 147, 149, 215, 303, 306, 312, 318, 319, 321, 327,
331, 338, 339, 341, 342, 344, 348], and splitting tensile strength (498 sample data)
[8, 9, 31, 80, 86, 88, 99,101,114,128,130,136,137,139, 144-147, 149,165,215,256,
269,279,300,303,304,306,307,318,319,324,326,328-331,338-342,348,349]. The
database is available for viewing, and can be seen online at Jayasuriya and Adams

[262].
Laboratory testing for concrete compressive strength is generally determined
by using either cylinder or cubic shaped specimens with different sizes according
to the prescribed codes and standards [350, 351].

In general, cube specimens

exhibit higher strengths due to the lower aspect ratio (i.e., length-to-diameter ratio)
and uncapped end conditions when tested under uniaxial compression [14, 352].
Therefore, to explore distinct variations, the experimental results in the database
for the compressive strength were categorized into two subsets depending on the
specimen shape on which the compression test was done. The compressive strength
testing specimen sizes varied between these two types of specimens. All recorded
experimental tests for splitting tensile strength and modulus of elasticity on RCA
concrete systems were done using cylindrical specimens.

The recorded flexural

strength tests were measured from prism specimens. This study considered a large
scope of experimental studies that were completed using a variety of experimental
procedures following different standards, and as such, the specimen sizes varied from
one experiment to the other.

However, the specimen size-effects on the cylinder

compressive strength can be treated as a minor influence as the aspect ratio of

166

the cylinder specimens included in the overall database was limited to 1:1 or 1:2,
and moreover, such size differences in cylinder specimens can account approximately
2-13% of strength difference [353, 354]. This type of strength difference is negligible
when addressing the common trends of the RCA concrete strength properties while
different factors are varied over a large-scale database system.
The mechanical properties of RCA concrete systems can be influenced by
many factors including the mixture design proportions and the aggregate physical
properties. Ten factors that influence concrete compressive strength with varying
levels of intensity were chosen for inclusion in the database; these include:
• RCA replacement level (i.e., based on the mass replacement of natural coarse
aggregates),
• Effective water-to-cement (W/C) ratio (i.e., either as reported, or calculated
based on mixture design proportions in the document. If effective/not-effective
was not provided, the reported W / C ratio was assumed to be the effective W / C
ratio),
• Total aggregate-to-cement (A/C) ratio (calculated from the mixture design
proportions provided),
• Cement-to-sand (C / S) ratio (calculated from the mixture design proportions
provided),
• Maximum aggregate size,
• Cement content,
• RCA water absorption capacity,
• Natural aggregate water absorption capacity,
• Slump, and
• Specimen shape tested for the concrete hardened properties (cylinder or cube).
Concrete mixtures are designed to meet specific strength, durability, and
workability requirements [68].

Mixture design is done using several parameters
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that include aggregate grading, cement to sand content, aggregate to cement
content, water to cement ratio, total cement content, and total water content.
Therefore, understanding mixture design parameters is very important for producing
concrete with predictable performances.

As indicated above, four RCA mixture

design parameters were identified for RCA replacement level, effective W / C ratio,
total A/C ratio, and C / S ratio where each factor has unique effects towards the
RCA concrete strengths.

From the collected information in the database, the

histogram distributions of these mixture design parameters are shown in Figure 6.4.
Among those distributions depicted, Figure 6.4(a) showed higher variability for RCA
replacement level due to the larger range (e.g., 0-100%) that researchers have utilized
in the RCA concrete experiments while Figures 6.4(b )-( d) exhibited approximate
resemblance to normally distributed data clusters for effective W / C, A/ C, and

C / S ratios, respectively.

Therefore, it is clear that the RCA concrete strength

patterns would exhibit higher fluctuations due to the variabilities induced by the
mixture design proportion factors. Hence, a statistical database analysis needs to be
implemented to understand the relationship between the mixture design factors and
measured RCA concrete strengths. The detailed statistical analysis and results are
discussed in the following section based on the data processed through the database.

6.3
6.3.1

Database Analysis Results

Variability of Mechanical Properties of RCA Concrete Systems

Four RCA strength properties including compressive strength, elastic modulus, tensile
strength, and splitting tensile strength trends were observed. The database entries
were composed of 28-day strength results as reported in the literature. The strength
trends were observed in relation to the effective W/C ratio for each RCA replacement
level bandwidth. This method was chosen because the effective W / C ratio is the key
parameter that influences concrete mechanical properties and the RCA replacement
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Figure 6.4 Histogram distribution of the RCA concrete mixture proportion factors
in the database; (a) RCA replacement level (b) effective W/C ratio (c) total A/C
ratio (d) C / S ratio.

levels showed higher variability due to the scattered frequency distribution (see
Figure 6.4(a)) . For compressive strength trends, a discretized RCA replacement
level bandwidth of 0%, 1- 10%, 11- 20%, 21- 30%, 31- 40%, 41- 50%, 51- 60%, 61- 70%,
71- 80%, and 100% was adopted to observe continuous trends. Concrete systems
with RCA replacements between 81-99% had only one data point (i.e., 90%) in the
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database, and thus, that data point was not included in the statistical analysis to avoid
false interpretations due to the scarcity of data on a wide range of RCA replacement of
such. Unlike for the compressive strength data, the elastic modulus, splitting tensile
strength, and flexural strength trends were observed at much wider RCA replacement
level bandwidths of 0%, 1-20%, 21-40%, 41-60%, 61-80%, and 100% against the
effective W/C ratio due to the relatively smaller population size.

6.3.2

Variability of Average RCA Concrete Compressive Strength

Figure 6.5(a) depicts the overall distribution of the average compressive strength of
RCA concrete systems exhibited in the database for each RCA replacement level
bandwidth. It was observed that the average concrete compressive strength showed
an increase when RCA replacement levels were increased up to 20% in quantity,
whereas it resulted in a 14.6% strength increase compared to the natural aggregate
concrete systems (i.e., 0% RCA replacement level). The individual strength change
between a natural aggregate concrete system and a 20% RCA concrete system
for a particular mixture was also examined from the experimental findings in the
literature. It was found that the compressive strength of concrete systems that had
up to 20% RCA replacement levels showed 12.0%, 11.7%, 8.5%, 6.0%, and 4.5%
higher strengths compared to the corresponding natural aggregate concrete mixtures
reported by Domingo-Caho et al. [150], Poon et al. [98], Taffese [279] (used 10%
RCA replacement), Andreu and Miren [355], and Thomas et al. [340], respectively.
However, the reason for such variability of these strength differences was caused
by the RCA source and the curing conditions.

The 11-20% RCA replacement

level bandwidth produced the highest average compressive strength performance
considering the overall average strengths of RCA concrete systems as shown in
Figure 6.5(a). The increase of concrete compressive strength was attributed to the
aggregate interaction between the RCA (i.e., adhered mortar phase) and the cement
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paste matrix that wraps around the aggregate. When the RCA replacement level
is increased, the adhered mortar is increased, and the amount of surface friction
due to the aggregate roughness is also increased. Additionally, increased adhered
mortar improves the elastic compatibility in the concrete system under experimental
loading [22]. Therefore, higher adhered mortar contents in the RCA concrete systems
contributed higher average compressive strength performances. Based on the data,
results showed that 11-20% was the optimum RCA replacement range that can
produce the highest average compressive strength. Although higher adhered mortar
contributed higher RCA concrete strengths, further increments of RCA replacements
beyond 11-20% caused the strengths to decay gradually and restricted the average
compressive strength improvements. The reduction of RCA concrete compressive
strengths at more than 20% was due to the existence of widespread ITZ phases
(e.g., both OITZ and NITZ). ITZ phases in the concrete system increase the stress
concentration effects upon applied strain (i.e., load during the compression tests) due
to the weak link between the major material phases in RCA concrete mesa-structure
[22, 169]. Therefore, the performance of the RCA concrete compressive strength has

a strong dependency on the ITZ phases and their distribution inside the concrete
mesa-structure for predictable strength properties.

It has been observed that,

regardless of the ITZ distribution in the RCA concrete systems, the compressive
strengths can be slightly improved due to the aggregate interlocking behavior
associated with the RCA angularity and higher shearing resistance during the test
[42, 111]. Therefore, it can be seen as a reason for the localized peak compressive

strengths above the decreasing trend displayed at 41-50% and 100% RCA replacement
levels. In essence, it was found that the average compressive strength trends showed
an improved performance through 0-20% RCA replacement levels, after which it
depreciated with the increase of RCA content in the concrete mixture.
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Figure 6.5 Average compressive strength variation of RCA concrete systems over
RCA replacement levels in the database; (a) overall effects (b) specimen shape-effects.

The shape-effect of the specimen was also considered in this study on the RCA
concrete compressive strength. The average RCA compressive strength variations
were observed for cube and cylinder specimens as shown in Figure 6.5(b). Overall, it
was shown that the cube compressive strength was higher than that of the cylinder
strength due to larger frictional resistance and the shorter distance between the topbottom platen restrains for cube specimens [356]. The distribution of the cube and the
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cylindrical average compressive strength trends shown in Figure 6.5(b) was compatible
with the trends that were depicted in Figure 6.5(a).
In addition to the RCA replacement level, the remaining mixture design
proportion factors, such as effective W / C ratio, A/ C ratio, and C / S ratio can
be highly significant when predicting the RCA compressive strength. Thus, it is
necessary to observe the RCA compressive strength trends with the combined effects,
and statistically fit the data using non-linear regression schemes. The influence of
effective W/C ratio on the RCA compressive strength is shown in Figures 6.6(a)-(f)
representing RCA replacement levels and corresponding average A/C, C / S ratios
indicating the corresponding standard deviations in each bandwidth. Overall, the
compressive strengths for all RCA replacement levels were decreased exponentially
with the increasing effective W / C ratio. By its general definition, the concrete systems
with no RCA replacement showed moderate data clustering around the predicted
nonlinear expression depicted on the scattered plot with a correlation of coefficient

(r) of 0.5. However, it was clear that the amount of outlying data changed the data
correlation and thus, the variability of RCA compressive strength was affected. As
such, when RCA replacement levels were increased from 1% through 60%, the r value
was reduced from 0.55 to 0.30 with identified outliers. Regardless of a few outliers,
further RCA increments beyond 60% increased the r value from 0.30 to 0.44 as the
majority of the sample data was located around the fitted curve, and thus, the effects
from outlying data were minimized. Higher data correlation (i.e., lower variability) at
higher RCA replacement levels was attributed to the increased material homogeneity
in the RCA concrete system and the number of samples included in the dataset. As a
result, at higher RCA replacement levels, when the stiffness compatibilities between
the cement mortar matrix and the adhered mortar increase, the concrete systems tend
to show consistent material behavior (e.g., under compression) with lower variability.
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Figure 6.6 RCA concrete compressive strength distribution for each replacement
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6.3.3

Variability of Average RCA Concrete Elastic Modulus

The distribution of the average elastic modulus variation over the RCA replacement
bandwidths are depicted in Figure 6.7. The highest average RCA elastic modulus
was exhibited within the 1-20% RCA replacement level bandwidth, and further,
the average strength property was decreased over the remaining replacement levels.
Due to the higher toughness properties in natural aggregate, the elastic modulus in
RCA concrete is mainly governed by the amount of natural aggregate phases at a
particular cross section of the concrete system [42]. Therefore, it was presumed that
1-20% RCA replacement levels had higher inclusions of natural aggregate contents
to exhibit higher RCA elastic modulus properties.

However, the reason for the

reduction of the elastic modulus beyond the 20% RCA replacement level was due
to the higher content of adhered mortar which contributed to lower the RCA stiffness
and eventually influence the overall stiffness of the RCA concrete.
Variation of elastic modulus with effective W/C ratio at different RCA
replacement levels is shown in Figures 6.8(a)-(f). Although the data points were
fitted to a nonlinear exponential function, the nonlinearity was further decreased as
the RCA replacement levels were increased due to the stiffness homogenization of
RCA concrete systems associated with the higher adhered mortar contents. Since the
elastic modulus is governed by the individual material stiffness components in the
concrete, its variability exhibits a larger disparity across all RCA replacement levels.
For example, the Figures 6.8(b )-(f) indicated that the r value was changed from 0.41
to 0.12 (i.e., nearly 70% reduction) and indicated higher variabilities off the fitted
trend line. In this context, the impact of impurities due to foreign materials (e.g.,
brick, asphalt, wood chips, etc.) can exacerbate the variability effects of the RCA
elastic modulus. The strength trends at each RCA replacement level were inversely
proportional to the amount of effective W / C ratio, and it was noted that the RCA
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concrete elastic modulus was affected by the combined effects of both replacement
ratio and the effective W / C ratio.

6.3.4

Variability of Average RCA Concrete Splitting Tensile Strength

The data variation of the average splitting tensile strength of RCA concrete systems
at each RCA replacement level is shown in Figure 6.9. Based on the data collected,
the RCA concrete tensile strength exhibited a continuous strength loss over the
RCA replacement levels through 1-80%.

The tensile strength data logged into

the database was obtained through experiments that were tested under indirect
tension, and thus, the failure mechanism was due to interfacial failure [22]. The
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distribution of the ITZ regions cumulatively increases with higher contents of RCA
replacement levels and increases the cracking propensity under the applied indirect
tensile strains. Frequently, when the concrete material is subjected to tensile loads,
larger tensile strains are localized at the major material boundaries (e.g., NITZ) in the
RCA concrete system, and the macroscopic failure is accelerated by tensile fracture
[22, 190, 357]. Therefore, the average RCA concrete tensile strength depicted in

Figure 6.9 decreased with increasing amount of RCA replacement level.
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Figure 6.9 Average splitting tensile strength variation of RCA concrete systems
over RCA replacement levels in the database.

The scattered distribution of the RCA concrete splitting tensile strength data
with the effective W/C ratio is shown in Figures 6.lO(a)-(f) representing each RCA
replacement level bandwidth. The data clusters in each distribution were fitted to
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a nonlinear exponential function, where it showed that the RCA concrete splitting
tensile strength is inversely proportional to the effective W / C ratio. However, it
can be seen from the Figures 6.lO(c)-(e), that the RCA replacement levels did not
show good correlation between the effective W / C and the corresponding tensile
strengths due to the material variability of RCA concrete systems associated with the
widespread ITZ regions. Furthermore, it has been found that under uniaxial tension,
concrete-like materials (e.g., both regular concrete and RCA concrete systems)
exhibit unpredictable fracturing processes through interfacial failure promoted by
the irregular distribution of ITZ phases [190]. Therefore, with less ITZ dispersion
in the concrete system, it was seen that the correlation of the data obtained at
RCA replacement levels 0%, 1-20%, and 100% were comparatively better than the
remaining RCA replacement levels. Consequently, the data clustering around the
fitted model was consistent in Figures 6.lO(a), (b), and (f) due to the larger size of the
sample space, which eventually alleviated the effects generated from multiple outliers.
Based on the results shown in Figure 6.10, the general trends of the RCA concrete
splitting tensile strengths were observed, and the results were in good agreements
with the previous studies conducted [358, 359].

6.3.5

Variability of Average RCA Concrete Flexural Strength

Since RCA materials are often used in pavement construction, the flexural strength
is considered as a required strength parameter to quantify the unreinforced RCA
concrete beam's or slab's ability to withstand failure in bending. The data collected
into the database for RCA concrete flexural strength were from two types of beam
sizes; 100 mm x 100 mm x 500 mm and 150 mm x 150 mm x 750 mm.

The

distribution of the average flexural strength of RCA concrete systems is shown in
Figure 6.11. The average flexural strength patterns shown in Figure 6.11 can be
moderately analogous to the splitting tensile strength patterns, since the loading in
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both tests induces indirect tensile stresses. However, the average magnitudes can be
a bit higher in flexural strength as compared to the splitting tensile strength, because
the concrete material can further deform under flexure. The highest average flexural
strength performance was displayed when 1-20% RCA replacement level was used in
the concrete mixtures, and further addition of RCA replacement levels, the strength
properties experienced a continuous depreciation. As it was discussed earlier that
when the test specimens are subjected to indirect tensile stresses, the ITZ regions in
the RCA concrete system promote immediate failure, and resulted in a drastic slump
of flexural strength over the RCA replacement level bandwidths .
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Flexural strengths of RCA concrete systems in the database are depicted
against the effective W/C ratio in Figures 6.12(a)-(f) at each RCA replacement level
bandwidth. Due to the combined effects of the RCA material variability and the
sizing of the specimens, the RCA concrete flexural strength properties exhibited sparse
distributions of the fitted nonlinear scheme. Although the flexural strength trends
showed nonlinear distributions at 0%, 1-20%, 21-40%, 41-60%, and 61-80% RCA
replacement levels with varying effective W / C ratio, 100% RCA replacement showed
a linear strength decay with a lower exponential constant (see Figure 6.12(f)). This
behavior was attributed to the material homogeneity due to the high elastic stiffness
compatibility in 100% RCA replacement level. Flexural strengths of RCA concrete
systems showed good data correlation in terms of the fitted nonlinear scheme. For
example, the r values for RCA replacement levels at 0%, 1-20%, 21-40% 41-60%, and
61-80% were 0.50, 0.70, 0.70, 0.50, and 0.70, respectively (see Figures 6.12(a)-(e)).
The r value showed a prominent influence on the number of outlying data located
far off the fitted trend line due to the effects of RCA material variability, specimen
size, number of data included in the sample space, and the failure criteria that is
generally governed by the ITZ distribution. Despite of the existence of potential
outliers shown in Figures 6.12(a)-(f), common trends were observed that the strengths
were decreased with the increasing effective W / C ratio at any given RCA replacement
level bandwidth.

6.4

Factorial Design Procedure

The variability in material properties and mixture design proportions has a marked
effect on concrete hardened properties, and therefore, factorial design techniques have
been widely used to quantify the significance of each factor and the influence of
factor interactions on a particular response(s) (i.e., RCA concrete hardened property)
[360-362]. Adopting such a statistical tool can be used to interpret the effect of the
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material properties and the mixture design proportions on concrete strengths, in
which it allows the user to manipulate those factors to develop predictable strength
requirements for RCA concrete systems [361, 363, 364]. In this study, a full factorial
analysis was implemented for the RCA compressive strength response by adopting the
fundamentals of design of experiments [365]. Four factors and three individual levels
for each factor were selected by considering the overall distribution of the data in the
database such that, it satisfied a substantial data coverage included in each factorial
level during the analysis. Therefore, the number of factors influenced the compressive
strength was limited to four, and to comply with the computational analysis time, the
number of levels were limited to three. The factors were included for RCA replacement
level, effective W/C ratio, total A/C ratio, and maximum aggregate size where each
factor was varied across low, medium, and high levels of magnitude ranges. While
conducting the full factorial analysis on the RCA compressive strength response, the
levels of the factors were varied as the base raised to the power by the number of
factors (e.g., 34 = 81), and thus, in total, 81 factorial combinations were carefully
generated. The factorial design metrics are shown in Table 6.1, whereas the limits are
indicated for each level in correspondence to the factors considered. The complete
analysis was performed through a statistical software Minitab 17 [231], and the full
factorial design analysis outputs were obtained for main effects, significant factors,
and bivariate relationships.

6.4.1

Main Effects on RCA Concrete Compressive Strength

The main effect plots are used to interpret the individual factor effects on a particular
response at different levels of magnitude. As shown in Figure 6.13, the effects from
each factor on the average RCA concrete compressive strength is depicted by a straight
line connecting each factorial level with a circular marker, in which the trends were
observed for each factor as they were changed from low-to-medium-to-high levels.
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Table 6.1 Factorial Design Metrics Used in the Statistical Analysis
Factor Levels
Factor

Low

Medium

High

RCA replacement level [%]

1-20%

21-60%

61 % or higher

Effective W /C

0.2-0.4

0.41-0.60

0.61 or higher

1-2.5

2.6-3.5

3.6 or higher

No. 4-12.5

12.6-19

20 or higher

Total A/C
RCA maximum aggregate size [mm]

A higher gradient (i.e., steep slope) between two markers is indicative that the
response is strongly affected by the average compressive strength, while a gradual
slope has a comparatively weaker effect on the compressive strength response. The
average RCA concrete compressive strength of the data included in those 81 factorial
combinations was 42.51 MPa, and it is demarcated by a segmented line across
all the main effect plots. Regardless of the intermediate level in each factor, the
main effect plots depicted in Figure 6.13 showed decreasing trends for RCA concrete
compressive strengths between the low and high levels. When RCA replacement level
is increased, the amount of adhered mortar is also increased and the compressive
strengths are further limited due to the higher relative stiffness difference and the
ITZ distributions in the RCA concrete system. According to the main effect plots,
the average strength reduction due to the increase of RCA replacement was about

16%. Since it is a common understanding that the compressive strength of concrete
is inversely proportional to the amount of W / C ratio, a strength reduction of 23%
was observed due to the increased effective W/C ratios from low-to-high levels. At
higher A/C ratios, the cement content is generally lower in the concrete mixture
designs and thus, it resulted in lower average compressive strengths (e.g., about 19%
reduction) showing an abrupt strength decrease when A/C ratios were used from
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medium to high levels. However, at low and medium levels of A/C ratios, the average
compressive strengths showed significant increase due to the adequate amounts of
cementing materials present in the concrete system.

With the increasing RCA

maximum aggregate size from low-to-medium level, the average concrete compressive
strength is reduced by nearly 14% due to the smaller surface-to-volume ratio, and
often leads to a weakened coarse aggregate-cement paste bond when the aggregate
size is increased [68]. Nevertheless, a slight compressive strength gain (e.g., about 5%
increase) was observed at high levels of RCA aggregate sizes, and it was believed to
be due to aggregate roughness associated with the adhered mortar phases and the
aggregate interlocking behavior that contributed an additional material resistance in
compression [111].
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Figure 6.13 Main effects plot for RCA concrete compressive strength.

6.4.2

Significant Factors Influencing the RCA Concrete Compressive
Strength

The significant factors or factor combinations on the RCA concrete compressive
strength is determined based on the Pareto charts under a given significance level
(e.g., significance level of 5% or confidence interval of 95%). A Pareto chart that
represents the factor or factor combinations is shown in Figure 6.14 at 5% significance
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level. On the Pareto chart, the horizontal bars that cross the dashed vertical reference
line (denoted as 6.036) are considered as statistically significant factors that strongly
influence the RCA concrete compressive strength. The location of the reference line
is quantified based on the pseudo standard error (PSE) evaluated at the (1 - a/2) th
quantile of a t-distribution with degrees of freedom equal to n/3, where a is the
significance level and n is the number of factors or factor combinations used in the
statistical model. Based on the calculation, the statistical program evaluated the PSE
value of 2.35, and this is indicated as the Lenth's PSE in the Pareto chart. Eventually,
the effect at the margin (M) of the reference line is calculated as; M = t* x PS E
where the t* is the t value obtained at upper tail significance level corresponding to
a degree of freedom at n/3.
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Figure 6.14 Pareto chart of the standardized effects at 5% significance level for
RCA concrete compressive strength.

187

According to the Pareto chart shown in Figure 6.14, the A/C ratio and the
RCA replacement level were considered as statistically significant factors on RCA
concrete compressive strength under 95% confidence interval. This result and the
output obtained by main effect plots (see Figure 6.13) provide a clear indication
that at lower A/C ratios and RCA replacement levels, the RCA concrete compressive
strength can yield higher prediction values within a confidence level of 95%. Although
the effective W/C ratio was not detected as a significant factor during the statistical
analysis, the standardized effects showed that its significance on RCA concrete
compressive strength was substantially higher than any of the remaining factor or
factor combinations. It is also observed from the Pareto chart that some of the
combined effects had higher standardized effects than that of the sole consideration of
the RCA size. However, if a lower RCA size is coupled with a lower RCA replacement
level in a concrete mixture, a stronger RCA concrete compressive strength may
be achieved, but further combined effects with RCA size will not improve the
strength in the RCA concrete system. Observing the combined effects associated
with RCA-related factors (e.g., A, C, and D in Pareto chart), it showed that factor
combinations between A and other factors, C and other factors, or D and other factors
were not significant on the compressive strength under the given confidence interval.
Hence, it can be concluded that there are no significant interactions between A, C,
or D and other factors that can influence the concrete compressive strength in RCA
systems.

6.4.3

Bivariate Relationships

Bivariate relationships were studied to understand the variations of the predicted
RCA concrete compressive strengths within the levels of two factors using a
two-dimensional contour plot. When predicting the statistical responses (i.e., RCA
concrete compressive strength), two factors can be varied simultaneously while other
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factors are being kept at their medium levels. Based on the four factors considered in
the statistical analysis, six different bivariate relationships were established as shown
in Figures 6.15(a)-(f) for RCA concrete compressive strength predictions.
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Figure 6.15 Bivariate relationships generated for RCA concrete compressive
strength in MPa.

The largest range of the RCA compressive strength predictions was observed in
Figure 6.15(e) fluctuated between 35 MPa and 55 MPa. Although the significance of
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RCA size on the concrete compressive strength was found to be minimal according
to the Pareto chart in Figure 6.14, the combination with the A/C ratio increased
the predicted strength variability as shown in Figure 6.15(e) as opposed to the
Figures 6.15(d) and (f). The highest RCA concrete compressive strength was achieved
in Figures 6.15(c) and (e) by means of adjusting the A/C ratio, W/C ratio, and RCA
size at minimum levels. Figures 6.15(d)-(f) confirmed that with low levels of RCA
size can yield a substantially higher compressive strength which was attributed to
the higher surface area bounded by the cement paste with a good adherence and
the improved aggregate packing.

Regardless of the factor varied with the RCA

replacement level, Figures 6.15(a), (b), and (f) indicated that approximately 50 MPa
can be predicted with the use of RCA replacement under 20%. Furthermore, it is
clearly seen through Figures 6.15(b), (c), and (e), the compressive strength can yield
higher predictable values at lower-to-medium levels of A/C ratios by increasing the
amount of cementing materials in the concrete mixture. Overall, the results shown
in the bivariate relationships not only provide a graphical interpretation of how the
strength changes across two factors, but also, it indicates the significance on how to
select material proportions for predicted RCA strength performances guided by the
experimental data analyzed in the database.
Since the current statistical tool developed through bivariate relationships is
extremely useful to estimate the material requirements for a predicted compressive
strength, such material characterization has a feasibility to develop a novel mixture
design guideline for RCA concrete systems through the data analyzed in the database.
Among those currently available mixture design procedures, ACI 211 [366] provides a
productive design guideline for normal weight concrete mixtures to achieve predicted
strength and durability properties of concrete, and thus, the main design philosophy
can be adopted to adjust the process and the material limitations based on the
findings in this section. Although the long term durability-based properties were
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not included in the statistical database analysis, the strength performance of RCA
concrete systems can be considered while the concrete materials should not be applied
on severe environment conditions until further reliable statistical conclusions are
drawn for RCA concrete durability.

However, since the statistical analysis was

performed through actual experimental data which most likely was designed to a
standard mixing procedure, the data may include durability properties to a certain
extent. Nevertheless, it is recommended that the RCA concrete systems should not
be subjected to extreme environmental conditions.
The statistical database analysis results discussed in Section 6.3, place an
important level of understanding about the general trends of RCA strengths based
on various factor effects in RCA concrete systems.

On average, RCA concrete

compressive strength, elastic modulus, tensile strength, and flexural strength at 28
days recorded in the database were decreased by 16%, 14%, 12%, and 7%, respectively,
with the effects of RCA replacement levels through 1-100% compared to average
strengths of the natural aggregate concrete systems. As reported in the literature,
the presence of RCA materials in concrete resulted in a strength reduction, and the
existing experimental findings [9, 20, 31, 76, 97, 114, 117, 133] validated the current
statistical trends on RCA strengths obtained through the database analysis. However,
it was noted that the higher variability of the strength trends were strongly affected
by the amounts of materials and their physical properties introduced into the mixture
design when RCA concretes are made. Specifically, adhered mortar and its contents
play a significant role in predicting the strength of RCA concrete [41]. Cementitious
properties in adhered mortar, such as high absorption due to higher porosity levels
can increase the W/C ratio demand in the concrete mixture, and directly influence the
compressive strength. Using lower RCA aggregate size, the predicted RCA concrete
compressive strength can be increased because small-sized RCA can increase the
particle packing, as well as having higher adhered mortar contents associated with
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higher stiffness compatibility [77-79]. It also decreases potential stress localization
effects in the aggregate system inside the concrete such that higher strengths can be
achieved [22, 41]. This statistical finding signifies that the current RCA production
methods needs to be adjusted, such that the RCA undergoes several crushing stages
where it can break off the adhered mortar phases in high quantities. As such, if the
adhered mortar is derived from a high-strength parent concrete, the predicted RCA
compressive strength would be high [76, 111] due to the higher stiffness compatibility
of the concrete system [22, 41]. Henceforth, appropriate RCA classification guidance
can be implemented as well. However, increased adhered mortar can affect the RCA
concrete elastic modulus as the aggregate stiffness is hindered due to the increased
adhered mortar contents, and thereby, a limit for the amount of adhered mortar in
an RCA concrete system is suggested. According to the strength trends depicted in
Figures 6.5, 6.7, 6.9, 6.11, the optimum RCA replacement level at 11-20% resulted
the highest strength performance based on the statistical observations, and thus,
RCA replacement levels are recommended to limit below of 20% for predictable
RCA strength performances. Statistical implications from the bivariate relationships
derived through the database analysis for RCA compressive strength provide guidance
in selecting various material proportions based on the target strengths. As far as the
bivariate results are concerned, mixture design proportions can be predicted such
that the design compressive strengths fall between 35 MPa to 55 MPa. Although
appropriate standard deviations need to be stipulated for considerate target strength
ranges for this purpose, the current statistical database study can fully accommodate
the potential values for such design methodologies. Since the bivariate relationships
for target strengths were created based on material proportion ratios, additional code
specified guidelines would require to approximately quantify the individual material
proportions for appropriate concrete applications. For example, if RCA is used for
flat concrete works, ACI 302 [367] standard can be adopted to estimate the cement
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content required based on the RCA maximum aggregate size.

This enables the

concrete community to provide stronger guidance for proportionating materials for
RCA concrete using the bivariate relationships.

6.5

Conclusions and Future Research Needs

A robust statistical analysis was performed on the RCA concrete strength properties
by adopting a large database analysis composed of experimental data that included
a substantial representation of the international research community. The major
topics were covered in this chapter to observe general trends of RCA concrete
hardened properties including compressive strength, elastic modulus, splitting tensile
strength, and flexural strength. Among those factors that were considered in the
database, RCA replacement level, A/C ratio, W/C ratio, and RCA size were chosen
as they represent the mixture proportion used in producing the concrete, and their
influence was statistically quantified through statistical indices.

In the process,

the overall histogram distributions of the factors, strength dependency on RCA
replacement level and the W/C ratio, and the factors influencing the RCA concrete
compressive strength, such as main effects of factors, significance of factors, and
bivariate relationships were subjected to an in-depth statistical analyses. A summary
of the statistical findings and important implications based on the database analysis
is shown as follows:
1. The optimum RCA replacement level that produced the highest RCA concrete

strength properties (e.g., compressive strength, elastic modulus, splitting tensile
strength, and flexural strength) is below 20%.
2. Although the RCA concrete strength properties exhibited decaying trends with
the addition of RCA replacement level, 100% RCA concrete systems indicated
a noticeable increase compared to the preceding replacement level due to the
increased material homogeneity attributed by the stiffness compatibility.
3. Due to the material variability captured in the database, the data correlation
coefficient of the compressive strength between the RCA replacement level and
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the effective W/C ratio decreased by 45% for the distributions that had RCA
replacements less than 60%. Further increments of RCA replacement levels have
shown that the data correlation increased by 32% due to the induced material
compatibility.
4. The RCA strength properties analyzed in this study showed decreasing trends
to the amounts of effective W / C ratio increased.
5. The main effect plots established based on the full factorial analysis showed
that the general trends of each factor had decreasing effects on the RCA
compressive strength when used from low-to-high. However, the compressive
strength increased when RCA size was increased from medium to high levels
due to the aggregate interaction associated with the surface texture and the
interlocking behavior.
6. A/ C ratio and RCA replacement level showed significant factor effects on the
RCA compressive strength. Regardless of being non-significant, effective W/C
ratio showed higher standardized effects compared to the remaining factors or
factor combination effects.
7. While the bivariate relationships confirmed the common trends observed in main
effect plots of each factor induced upon the RCA compressive strength, it also
created an excellent insight on developing guidelines on selecting materials for
predicted strength requirements.
The statistical database presented in this chapter covers a substantial representation of the mechanical properties of RCA concrete based on previous experimental
data.

However, the variability may still be a considerable factor, especially for

strength properties, such as RCA concrete elastic modulus, flexural, and tensile
strengths due to the unpredictable fracture behavior with large stiffness heterogeneity
in the concrete system. Therefore, more data needs to be collected on top of the
existing database entries, and similar analysis program can be implemented to capture
the material variability in RCA strength characteristics. Also, strength improvements
of RCA-based concrete need more research emphasis on using supplementary
cementitious materials or admixtures that can be used in addition to the raw materials
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in concrete mixture designs. Therefore, this database can also be expanded towards
various study areas including RCA processing and classification methods, RCA
quality, material characterization, mixture design guidelines, durability design, and
eventually utilize RCA in structural concrete applications.
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CHAPTER 7
CONCLUSIONS, RECOMMENDATIONS, AND FUTURE STUDIES

7 .1

Overview

The main objective of this research was to understand the variability of hardened
strengths of recycled aggregate concrete (RAC) systems due to the effects of
aggregate properties (e.g., mechanical, morphological properties), and mixture design
proportions. Numerical simulations and statistical methods were used as research
tools to investigate the influence of aggregate properties on the concrete strengths
made with recycled concrete aggregates (RCA). The effects of adhered mortar
content in RAC systems placed a special consideration in this research, where the
corresponding material behaviors were broadly discussed, and the concrete strength
differences were reported.
A mesoscopic computational method was developed using an image analysis
criteria to investigate the effects of RCA geometry on the concrete strength properties.
The same numerical framework was used for all the RAC simulations presented in
this dissertation. The numerically simulated results were compared with existing
experimental data, and statistical inferences were made reporting the variabilities
of RAC compressive strength trends.

Variability of mechanical properties of

cementitious phases in RAC systems (e.g., adhered mortar, cement mortar matrix,
and ITZ phases) were studied using Monte Carlo methods to estimate the effects of
RAC strength trends.
Further, a database analysis was used to develop a mixture design method
that can achieve predictable compressive strengths through an extensive database
analysis which was created from experimental findings in the literature. The overall
conclusions described below are based on computational and statistical methods
discussed in Chapters 3-6. Additionally, further recommendations and future research
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work are presented in this chapter to improve the applicability of RCA materials in
new concrete systems.

7.2
7.2.1

Conclusions

Influence of Adhered Mortar and Variability of RAC Mechanical
Properties

Two-dimensional RAC systems were generated through an image analysis procedure
to investigate the influence of the adhered mortar content and the mesoscopic
material stiffnesses on the compressive strength and elastic modulus of identical
RCA geometries. The variations in RAC strength properties due to the adhered
mortar contents ranging from 2%, 10%, 20%, and 50% were obtained thorough
numerically simulated stress-strain relationships followed by a total strain-based fixed
crack constitutive model.
Primarily, the numerical results indicated that the compressive strength and
the elastic modulus decreased with the increase amounts of adhered mortar contents.
Since the increasing amounts of adhered mortar increases the stiffness compatibility
across the RCA concrete geometry, less strain localization effects were observed
especially at the material boundaries (e.g., ITZ phases).

This was indicative of

that the adhered mortar contributed to prevent high stiffness discontinuities in RAC
systems, which led to a higher ultimate compressive strain capacity.
Further extensions were employed to investigate the statistical influence of the
individual material stiffness properties on the RAC compressive strength and the
elastic modulus through a full factorial analysis. In total, 128 numerical simulations
were conducted incorporating four levels of adhered mortar contents including 2%,
10%, 20%, and 50% while the individual RAC material stiffness properties were
changed between higher and lower bounds.

The variability of the RAC elastic

modulus was higher than that of the compressive strength because the adhered
mortar significantly affected the overall stiffness within the identical geometries of
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RAC systems. Increasing amounts of adhered mortar from 2% to 50% resulted the
compressive strength to decrease by 5% on average, whereas it caused the elastic
modulus to decrease by about 20%.
Based on the statistical results yielded from the Pareto charts indicated that
the adhered mortar is a significant factor under the 95% confidence interval, and the
main effect plots conveyed that both strength properties (e.g., compressive strength
and elastic modulus) can be improved by increasing the material stiffness in adhered
mortar phase. Indirectly, this reflects on the level of RCA quality that needs to be
incorporated for higher RAC strength performances with stronger adhered mortar
(i.e., RCA derived from high-strength waste concrete).
Interactions between adhered mortar contents and the major material phases
including natural aggregate, cement paste, and old mortar stiffnesses were established
to predict compressive strengths and elastic moduli of RAC systems through bivariate
relationships.

These bivariate contour plots revealed that higher compressive

strengths and elastic moduli were obtained when lesser adhered mortar contents
were presented in the RAC system. Stiffness of adhered mortar significantly affected
the RAC elastic modulus responses, however, the overall RAC stiffness can still be
improved by increasing the individual material stiffnesses of natural aggregate or
mortar matrix phases.

Similar type of study was also investigated on the RAC

material behavior under uniaxial tension (also in compression with more adhered
mortar contents as well) adopting numerical simulations, and the results are discussed
in Appendix B.

7.2.2

Influence of Aggregate Morphology on the Mechanical Properties
of RAC Systems

A novel computational methodology to generate two-dimensional random aggregate
structure for RAC systems through an extensive image analysis procedure was
developed.

The computational generation of RCA was created by convex hull
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algorithm, which enabled to adjust the morphological characteristics of RCA based
on the user-defined inputs. For example, aggregate size, shape, angularity, adhered
mortar contents, and the locations where they were attached to the natural aggregate
phase were used to change the aggregate morphology in RCA particles.

Out of

12 different RAC systems that were generated, equal amounts of specimen sets
were considered for crushed-shape and rounded-shape aggregates while randomizing
other morphological parameters. The RCA geometries were then transposed into a
finite element environment through an image analysis procedure, and the mechanical
properties were investigated based on the stress-strain relationships under uniaxial
compression. The numerical results were also compared with a series of existing
experimental studies that was implemented through a database system.
On average, the crushed-shape concrete systems showed 5.8% higher peak
strengths compared to rounded-shape concrete systems due to the coupled effects
of aggregate angularity and the interlocking behavior under the applied load.
Further increments of adhered mortar contributed not only to increase the stiffness
compatibility of the concrete system, and also to reach higher peak strain capacities
before material softening. The material behavior beyond the softening phase was
governed by the initiation of tensile cracks in new and old ITZ, which propagated
until the ultimate capacity of the concrete was reached. The tensile strains were first
observed within the new ITZ regions and further propagated into the old ITZ at
higher strain levels. It was seen that the cracking patterns were reversed when the
geometric orientation of the old ITZ was along the loading direction.
RAC elastic modulus varied as a function of the adhered mortar content
regardless of the shape-effects of the aggregate in the concrete system. However, it
was concluded that, the elastic moduli of RAC systems were governed by the natural
aggregate phase ratio (i.e., area of natural aggregate phases over the total RCA
area) in the RCA system. This finding indicated that, higher RAC elastic moduli are
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predicted when high contents of natural aggregate phases are included in the concrete
system with lower adhered mortar contents. Nevertheless, the research study also
showed that the RAC elastic modulus can be increased with higher adhered mortar
contents as long as the adhered mortar materials have higher stiffness properties.
The database created for this study was composed of 282 mechanical properties
(see the Appendix A). The experimental data for compressive strength and elastic
modulus were left-skewed as they were fitted to a Weibull distribution function.
The comparison of the numerical results with this experimental database analysis
for RAC compressive strength showed higher variabilities than the elastic modulus.
The high RAC compressive strength variability between the numerical results and the
experimental database was due to the influence of many factors including aggregate
size, aggregate geometry, stiffness, and aggregate volume. Unlike the compressive
strength, the modulus of elasticity showed lower variabilities because the elastic
properties of RAC system are primarily governed by the amount of adhered mortar
in the concrete system (i.e., it has no major effects from the other factors listed).

7.2.3

Variability of Cementitious Phases in RAC systems

The effect of mechanical properties of cementitious materials (e.g., adhered mortar
and cement mortar matrix) on the RCA hardened strengths was investigated using
Monte Carlo methods, and the strength predictions were compared with experimental
database results.
The RAC average compressive strength results from the numerical simulations
that were modeled through Monte Carlo methods predicted excellent correlations
with the experimental database results, and the comparison accounted only a 6%
difference. However, the variability of the compressive strength in numerical models
was not effectively captured due to the limited information of aggregate morphology,
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presence of adhered mortar contents, and ITZ mechanical properties that might have
been included in the experimental database system.
Numerical simulation results for RAC elastic modulus were significantly higher
than that of the database results studied. Although the stiffness properties in experimental testing are highly dependent on the pore structure of the material, boundary
conditions, and the localized strain rates, in mesoscopic numerical modeling, such
effects cannot be realistically correlated. Therefore, the numerical simulations were
slightly stiffer than an experimental testing, and exhibited higher elastic modulus.
Due to the existence of randomly distributed ITZ phases, and the heterogeneous
mechanical properties (due to material variability), the tensile behavior of database
results showed higher variability than the numerical results. However, the average
tensile strengths between numerical and database results were found to be in close
agreements. The damage under uniaxial tension on RAC systems was concentrated
at the ITZ phases, and the ultimate fracture was occurred by the interfacial failure.
The average compressive and tensile strength properties were decreased when the
effective water-to-cement ratio bandwidth was increased.

7.2.4

RAC Strength '!rends and Development of RAC Mixture Design
Proportion

A database consisting of mechanical properties was created to observe the strength
trends of concrete made with RCA. The database results showed that the average
of compressive strength, elastic modulus, splitting tensile strength, and the flexural
strength were higher than NAC when RCA replacement was used lesser of 20%.
The overall average strengths were gradually decayed with RCA replacement levels
higher than 20%. Therefore, according to the statistical analysis studied through
the experimental database, the optimum RCA content of RCA replacement level for
higher predicted strengths was determined as 20%.
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The main effect plots showed that the RAC compressive strength was decreased
with the increasing amounts of RCA replacement level, effective W / C ratio, A/ C
ratio, and the maximum aggregate size.
than 19 mm (3/4 in.)

However, maximum RCA size of more

showed slightly higher compressive strengths due to the

aggregate interaction with the surrounding cement paste. The Pareto chart indicated
that RCA replacement levels and A/C ratio were significant factors that influenced
the compressive strength trends in the database.

The effective W / C ratio had

significant characteristics compared to the other factors or combined factors on the
RAC compressive strength.
The compressive strength trends of RAC systems were predicted as a function
of two factors through bivariate relationships. Based on the factors considered, six
bivariate relationships were established, where the compressive strength trends were
predicted through the contour plots. The bivariate relationships were used to develop
a mixture design proportion methodology that was derived through the database
analysis and the procedure is included in the Appendix C.

7.3
7.3.1

Recommendations

Aggregate Quality

The main difference between a natural aggregate and an RCA is the attachments of
adhered mortar depending on the source from which RCA materials are obtained.
Therefore, the strength properties of RAC has a strong dependency in terms of the
aggregate properties associated with the physical, mechanical, morphological, and the
chemical properties in RCA.
One of the aspects that the RCA quality is often referred to is the contamination
of other physical constituents in addition to the recycling materials.

Based on

the studies investigated in this research, the heterogeneity due to the adhered
mortar increased the variability of RAC material behavior quite drastically.
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It

implied that other types of materials in the concrete may not only increase the
concrete heterogeneity, but also increase the RCA material behavior and its strength
variabilities. Therefore, it is recommended that the RCA materials should be free from
physical impurities when they are used in concrete applications. Other aspect related
to the quality is the strength type of the RCA source that is used to process RCA
materials for concrete production. For example, if RCA materials are derived from
high-strength waste concrete structures (e.g., pre-cast waste concrete), the adhered
mortar can have relatively stronger mechanical properties (e.g., stiffness) compared to
a normal strength waste concrete. Hence, it is strongly suggested that higher strength
performances including compressive strengths and elastic moduli are predicted, if
RCA materials are used from high-strength waste concrete.

7.3.2

Aggregate Production and Processing

RCA production is carried out through mechanically operated machines (e.g., impacttype, jaw-type, or cone-type crusher), where each crushing mechanism is different
from one another such that the particle distributions may have individual impacts
on the concrete strengths.

However, the statistical work employed in Chapter 6

indicated that the smaller RCA aggregate size can achieve higher compressive strength
attributed to the higher packing density in the concrete system. Therefore, it is
recommended to use jaw crushers for the initial breaking of waste concrete blocks,
and use a secondary crushing process with an impact crusher to obtain relatively
higher percentage of small-sized RCA particles with adequate gradation. In addition,
during RCA processing sequence, the aggregates need to be washed for removal of
excess dust, clay lumps, or other physical contaminants attached to the RCA, followed
by a drying process through an effective air-sifting procedure. Air drying of RCA
removes the surface moisture and prevents from leaching out calcium hydroxide in
the adhered mortar. Further, the conclusions drawn in Chapter 4 recommend that
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the crushed aggregates need to be used for better strength performances considering
the angularity and the aggregate interlock.

7.3.3

Mixture Design Recommendations

Since RCA replacement has a distinct effect on the strength variabilities of RAC
systems, an optimum amount of 20% RCA substitution is recommended for a
particular mixture which will have the highest RAC compressive strength. For higher
strength predictions, the aggregate-to-cement ratio is suggested to maintain between
1-3.5 where adequate cementing materials can provide satisfactory RAC compressive
strength. To achieve predictable target compressive strengths, it is recommended
that to follow the mixture design guideline developed through a statistical database
analysis which is presented in Appendix C.

7 .4

Future Research

Computational modeling and statistical methods were used for RAC systems to
determine the effects of RCA materials on the strength characteristics of concrete.
Additional research in the areas of computational modeling and database analyses
are suggested as follows.

7.4.1

Computational Modeling

Research extensions for computational modeling considerations are presented as
shown below.
• Exploring the effects of damage progression due to further discretization of the
mesh generations and size effects at interfacial transition zones in the numerical
analyses.
• Generating circular and prismatic specimen shapes with similar aggregate
generation method discussed in Chapter 4 to simulate splitting tensile and
flexural strength tests, and compare the results with existing experimental
results available in literature.
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• Performing experimental testing programs to validate the numerical simulation
results obtained through the image analysis technique.
• Extending the random geometries of RCA materials into three dimensional
modeling to explore possible failure patterns under compression and tension.

7.4.2

Database Analysis

Research extension considerations for database analysis are presented as shown below.
• Studying the influence of supplementary cementitious materials on the mechanical
properties of RAC systems through a database analysis procedures adopted in
this research.
• Investigating the significance and the degree of applicability of current standardized
tests (i.e., ACI and ASTM standards) for RCA (e.g., soundness testing, LA
abrasion test, aggregate crushing value test, etc.), by establishing a statistical
framework employing the existing data from literature.
• Expanding the database towards various study areas including RCA processing
and classification methods, RCA quality, material characterization, mixture
design guidelines, durability design, and eventually utilize RCA in structural
concrete applications.

7.4.3

Research Contributions in RAC Pilot Project

The mixture design procedure developed from this research will be utilized in an
RAC pilot project for a side-walk slab panel made with 20% RCA through a joint
operation between New York City Department of Transportation and New Jersey
Institute of Technology's Materials and Structures Laboratory. The project tasks will
be carried out to investigate the strength properties and the durability properties of
RAC systems.
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APPENDIX A
DATABASE INFORMATION FOR RECYCLED AGGREGATE
CONCRETE SYSTEMS

The experimental database of recycled aggregate concrete systems included in Table
A.1 was used to compare the numerical results studied in Chapter 4.
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Table A.1 Experimental Database of RAC Mechanical Properties

Replacement

Effective W /C

Total aggregate to

RCA aggregate

Natural aggregate

Specimen

Compressive

Elastic

level[%]

ratio

cement ratio

size [mm]

size [mm]

type

strength [MPa]

modulus [GPa]

100

0.38

2.3

20

6x12 Cylinder

34.50

26.70

0

0.47

2.5

6x12 Cylinder

39.00

29.70

100

0.43

2.7

4x4x12 Beam

26.70

15.00

0

0.43

3

4x4x12 Beam

26.90

27.80

100

0.27

2.7

6x6x6 Cube

35.20

25.11

2006

0

0.42

3

6x6x6 Cube

36.80

31.88

2007

100

0.49

3.9

6x12 Cylinder

34.60

25.90

0

0.49

3.7

6x12 Cylinder

39.80

27.30

2007

100

0.49

4.2

6x12 Cylinder

35.30

31.70

2007

0

0.49

4.7

6x12 Cylinder
--

37.70

31.90

2007

100

0.5

3.5

25

6x12 Cylinder

40.00

27.00

100

0.5

3.5

25

6x6x6 Cube

38.30

27.06

0

0.55

4

6x6x6 Cube

35.50

32.44

100

0.32

3

6x6x6 Cube

27.20

23.30

0

0.47

3.3

6x6x6 Cube

31.20

30.30

Year of
publication

Source

2002
[88]
2002
2005

20
31.5

[20]
2005
2006

31.5
32

[136]
~

0
-.:t

2007

32
16
25

[128]

2007

[80]

2007
2007

16
20

19
32

[130]
2007

22

Table A.1 Experimental Database of RAC Mechanical Properties (Continued)

Replacement

Effective W /C

Total aggregate to

RCA aggregate

Natural aggregate

Specimen

Compressive

Elastic

level[%]

ratio

cement ratio

size [mm]

size [mm]

type

strength [MPa]

modulus [GPa]

2007

100

0.5

2.9

19

4x4x4 Cube

25.10

11.30

2007

0

0.65

3.1

4x4x4 Cube

21.80

11.40

2007

100

0.65

3.1

19

4x4x4 Cube

22.10

12.40

2007

100

0.4

2.4

19

4x4x4 Cube

29.50

13.40

100

0.43

2.6

19

4x4x4 Cube

28.70

14.70

2007

0

0.5

2.9

4x4x4 Cube

26.70

14.90

2007

100

0.48

2.8

4x4x4 Cube

27.20

14.90

2007

0

0.48

2.8

25

4x4x4 Cube

28.90

15.70

2007

0

0.4

2.4

19

4x4x4 Cube

33.70

17.10

2007

0

0.43

2.6

25

4x4x4 Cube

31.10

17.80

2007

100

0.45

2.66

4x8 Cylinder

28.40

20.08

100

0.45

2.66

4x8 Cylinder

30.40

20.63

2007

100

0.6

3.7

4x8 Cylinder

31.80

21.00

2007

100

0.6

3.7

4x8 Cylinder
--

34.50

21.70

100

0.32

3

6x6x6 Cube

27.20

23.30

0

0.47

3.3

6x6x6 Cube

31.20

30.30

Year of
publication

Source

2007

25

[74]
25
19

~

0

00

2007
[300]

2008

32

[149]
2008

22

Table A.1 Experimental Database of RAC Mechanical Properties (Continued)

Replacement

Effective W /C

Total aggregate to

RCA aggregate

Natural aggregate

Specimen

Compressive

Elastic

level[%]

ratio

cement ratio

size [mm]

size [mm]

type

strength [MPa]

modulus [GPa]

2008

100

0.67

3.9

30

4x8 Cylinder

15.40

22.60

2008

100

0.67

3.9

30

4x8 Cylinder

18.00

23.40

0

0.7

4.1

4x8 Cylinder

18.10

27.10

2008

100

0.36

2.1

30

4x8 Cylinder

35.70

28.30

2008

100

0.35

4.3

30

4x8 Cylinder

36.40

28.80

2008

0

0.35

3.1

4x8 Cylinder

37.50

33.10

Year of
publication

Source

2008

10

[138]

10

-~

0

co

2008
2008

[144]

2008

100

0.5

2.7

25

4x8 Cylinder

29.50

23.72

100

0.5

2.8

25

4x8 Cylinder

36.00

29.22

0

0.5

2.9

4x8 Cylinder

39.50

31.72

6x6x6 Cube

20.50

32.10

6x6x6 Cube

23.50

36.20

20

2009

100

0.54

3.1

22

0

0.54

3.2

100

0.35

3.1

32

6x6x6 Cube

24.60

22.18

100

0.27

3.3

32

6x6x6 Cube

30.20

23.86

100

0.24

3

32

6x6x6 Cube

35.50

25.20

100

0.49

3.1

32

6x6x6 Cube

26.90

27.90

[76]
2009
2009

[303]

2009
2009
2009

[303]

25

Table A.1 Experimental Database of RAC Mechanical Properties (Continued)

Replacement

Effective W /C

Total aggregate to

RCA aggregate

Natural aggregate

Specimen

Compressive

Elastic

level[%]

ratio

cement ratio

size [mm]

size [mm]

type

strength [MPa]

modulus [GPa]

2009

100

0.41

3.3

32

6x6x6 Cube

34.20

31.07

2009

100

0.38

3

32

6x6x6 Cube

38.40

31.80

0

0.54

3.1

32

6x6x6 Cube

26.80

28.50

2009

0

0.46

3.3

32

6x6x6 Cube

34.30

31.23

2009

0

0.42

3

32

6x6x6 Cube

38.60

32.50

100

0.5

3.5

4x4x4 Cube

20.40

22.68

0

0.5

3.5

20

4x4x4 Cube

28.30

27.67

0

0.65

3.3

20

4x4x4 Cube

20.20

25.00

0

0.42

2.7

20

4x4x4 Cube

40.00

33.50

100

0.68

2.8

4x8 Cylinder

30.10

24.26

0

0.65

3.4

4x8 Cylinder

31.90

29.57

6x12 Cylinder

30.10

24.26

6x12 Cylinder
--

31.90

29.57

Year of
publication

2009

Source

[303]

2010

20

[146]
~

2010

~

0

2010
[307]
2010
2011

16

[165]
2011

20

-2011

100

0.65

2.8

16

0

0.65

3.4

100

0.6

5.3

32

6x12 Cylinder

37.30

20.70

100

0.43

5.4

32

6x12 Cylinder

33.20

21.45

[139]
2011
2012

20

[312]
2012

Table A.1 Experimental Database of RAC Mechanical Properties (Continued)

Replacement

Effective W /C

Total aggregate to

RCA aggregate

Natural aggregate

Specimen

Compressive

Elastic

level[%]

ratio

cement ratio

size [mm]

size [mm]

type

strength [MPa]

modulus [GPa]

100

0.53

5.1

32

6x12 Cylinder

34.60

22.55

100

0.49

5.1

32

6x12 Cylinder

35.60

23.40

0

0.53

6.5

6x12 Cylinder

39.30

26.50

100

0.54

2.7

4x4x4 Cube

29.70

25.65

2012

0

0.43

3

4x4x4 Cube

34.80

26.57

2012

100

0.58

4

20

6x12 Cylinder

18.00

12.50

2012

100

0.48

3.4

20

6x12 Cylinder

21.00

14.00

2012

100

0.42

2.9

20

6x12 Cylinder

34.00

16.00

100

0.44

3

20

6x12 Cylinder

30.00

16.50

2012

0

0.55

3.8

22

6x12 Cylinder

21.00

18.80

2012

0

0.66

4.6

22

6x12 Cylinder

21.00

19.50

2012

0

0.48

3.3

22

6x12 Cylinder

33.00

22.00

2012

0

0.5

3.5

22

6x12 Cylinder

31.00

23.50

6x6x6 Cube

38.60

29.90

6x6x6 Cube

39.50

34.40

4x8 Cylinder

38.10

27.37

Year of
publication

Source

2012
2012

[312]

2012
2012

15
32

[346]

~
~

~

2012

25

[313]

2012

100

0.46

4.6

0

0.6

3

100

0.39

3.1

12

[314]
2012
2013

[318]

20
10

Table A.1 Experimental Database of RAC Mechanical Properties (Continued)

Replacement

Effective W /C

Total aggregate to

RCA aggregate

Natural aggregate

Specimen

Compressive

Elastic

level[%]

ratio

cement ratio

size [mm]

size [mm]

type

strength [MPa]

modulus [GPa]

100

0.29

2.6

10

4x8 Cylinder

39.30

27.77

100

0.48

3.5

10

4x8 Cylinder

38.60

29.92

2013

0

0.48

4.1

4x8 Cylinder

38.90

32.09

2013

100

0.59

4.2

25

4x8 Cylinder

13.40

13.80

2013

100

0.48

4.2

25

4x8 Cylinder

13.90

14.10

2013

100

0.59

4.2

25

4x8 Cylinder

16.10

15.10

2013

100

0.4

3.5

25

4x8 Cylinder

18.80

15.30

2013

100

0.49

3.5

25

4x8 Cylinder

18.00

16.20

2013

100

0.49

3.5

25

4x8 Cylinder

21.60

16.50

2013

100

0.43

3.1

25

4x8 Cylinder

23.30

17.10

100

0.35

3.1

25

4x8 Cylinder

21.60

17.20

2013

0

0.8

4.2

4x8 Cylinder

17.30

18.90

2013

100

0.43

3.1

25

4x8 Cylinder

26.50

19.30

2013

100

0.28

2.4

25

4x8 Cylinder

28.00

21.50

2013

100

0.34

2.4

25

4x8 Cylinder

28.40

21.60

2013

0

0.67

3.5

4x8 Cylinder

23.60

22.80

2013

100

0.34

2.4

25

4x8 Cylinder

31.30

22.90

2013

100

0.23

2

25

4x8 Cylinder

33.20

23.50

Year of
publication

Source

2013
2013

~

[318]

20

~

~

2013

[321]

25

25

Table A.1 Experimental Database of RAC Mechanical Properties (Continued)

Replacement

Effective W /C

Total aggregate to

RCA aggregate

Natural aggregate

Specimen

Compressive

Elastic

level[%]

ratio

cement ratio

size [mm]

size [mm]

type

strength [MPa]

modulus [GPa]

100

0.28

2

25

4x8 Cylinder

32.90

24.30

0

0.58

3.1

4x8 Cylinder

28.80

24.80

2013

100

0.28

2

25

4x8 Cylinder

38.30

26.30

2013

100

0.7

2.3

20

6x12 Cylinder

32.00

27.00

2013

100

0.49

2.5

20

6x12 Cylinder

40.00

28.00

100

0.58

2.8

20

6x12 Cylinder

33.50

32.00

2013

0

0.6

3.6

20

6x12 Cylinder

38.00

34.50

2013

0

0.67

3.6

19

6x12 Cylinder

37.00

35.00

Year of
publication

Source

2013
2013

2013
~

[321]

[256]

25

~

c.,.:i

-2014

100

0.68

3.4

20

4x4x4 Cube

27.70

20.49

100

0.68

3.6

20

4x4x4 Cube

35.00

20.85

2014

100

0.68

3.4

20

4x4x4 Cube

29.20

21.90

2014

0

0.68

3.8

4x4x4 Cube

34.50

25.10

100

0.5

2.8

4x8 Cylinder

29.10

20.75

0

0.5

3.1

4x8 Cylinder
--

36.50

31.67

100

0.54

3

30

4x8 Cylinder

25.00

24.50

100

0.54

3

30

4x8 Cylinder

36.00

25.80

2014
[269]

2014

20
19

[324]
2014
2014

19

[326]
2014

Table A.1 Experimental Database of RAC Mechanical Properties (Continued)

Year of
publication

Source

2014

Replacement

Effective W /C

Total aggregate to

RCA aggregate

Natural aggregate

Specimen

Compressive

Elastic

level[%]

ratio

cement ratio

size [mm]

size [mm]

type

strength [MPa]

modulus [GPa]

100

0.54

3

30

4x8 Cylinder

35.00

27.10

0

0.54

3

4x8 Cylinder

40.00

27.90

[326]
2014

30

--

~

2014

100

0.87

4.6

22

4x4x4 Cube

19.70

25.20

2014

100

0.84

4.5

22

4x4x4 Cube

21.00

25.90

2014

100

0.86

4.6

22

4x4x4 Cube

21.80

26.50

2014

100

0.82

4.7

22

4x4x4 Cube

23.60

27.80

100

0.66

3.4

22

4x4x4 Cube

35.70

29.50

2014

100

0.65

3.5

22

4x4x4 Cube

36.10

30.00

2014

100

0.64

3.4

22

4x4x4 Cube

39.70

31.50

2014

0

0.86

4.6

20

4x4x4 Cube

23.90

33.30

2014

0

0.81

4.9

20

4x4x4 Cube

27.50

34.70

2014

0

0.65

3.4

20

4x4x4 Cube

38.70

36.70

2014

100

0.7

3.4

4x8 Cylinder

29.90

24.40

0

0.64

3

4x8 Cylinder

33.00

24.77

100

0.77

3.1

4x8 Cylinder

27.50

24.86

4x4x4 Cube

39.00

30.50

4x4x4 Cube

37.00

39.50

2014
[329]

~

11:,..

2014

[8]

2014

19
20
19

2014

100

0.5

1.2

0

0.5

2.9

20

[331]
2014

20

Table A.1 Experimental Database of RAC Mechanical Properties (Continued)

Replacement

Effective W /C

Total aggregate to

RCA aggregate

Natural aggregate

Specimen

Compressive

Elastic

level[%]

ratio

cement ratio

size [mm]

size [mm]

type

strength [MPa]

modulus [GPa]

100

0.46

2.5

14

6x6x6 Cube

33.00

27.21

2018

0

0.46

2.5

6x6x6 Cube

36.00

31.38

2018

100

0.45

3.7

20

6x6x6 Cube

30.20

21.38

2018

100

0.45

3.1

20

6x6x6 Cube

35.00

21.81

2018

100

0.5

3.7

20

6x6x6 Cube

30.20

22.02

2018

100

0.4

3.8

20

6x6x6 Cube

29.30

22.22

2018

100

0.4

3.1

20

6x6x6 Cube

35.30

23.20

100

0.5

3

20

6x6x6 Cube

33.20

23.21

2018

100

0.5

2

20

6x6x6 Cube

34.60

24.84

2018

0

0.5

4.4

20

6x6x6 Cube

35.80

32.80

2018

0

0.45

4.5

20

6x6x6 Cube

34.00

33.09

2018

0

0.4

4.6

20

6x6x6 Cube

34.80

33.29

2018

0

0.5

3.6

20

6x6x6 Cube

40.00

33.70

Year of
publication

Source

2018
[338]

~

14

~

Cl

2018

[339]

APPENDIX B
SIMULATION OF CRACKING SUSCEPTIBILITY IN
RECYCLED CONCRETE AGGREGATE SYSTEMS

This conference paper is adapted from:
A. Jayasuriya, M. J., and Bandelt, M. P. Adams.

"Simulation of cracking

susceptibility in recycled concrete aggregate systems." The Euro-C Conference on

Computational Modeling of Concrete Structures, 421-428, Bad Hofgastein, Austria,
2018.
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ABSTRACT
This paper presents an investigation into the cracking susceptibility of concrete
made with recycled concrete aggregates through two-dimensional numerical finite
element simulations.

Due to the limited experimental data on the performance

of recycled concrete aggregate concrete (RAC) in both compression and tension, a
series of finite element simulations were performed on a RAC systems with a range
of adhered mortar contents for a regular 100 mm RAC cube. The finite element
simulation was performed for 0%, 2%, 4%, 10%, 20%, 50%, and 100% adhered
mortar contents in order to examine the compressive and tensile behavior of the RAC
cube under monotonic loading. Experimental image analysis was used to map the
physical geometry of each material to the finite element model. Loading conditions
were prescribed as a strain deformation for the monotonic loading, and sequential
crack initiation and crack propagation were also explored. Simulated compressive
strengths decreased by 11 % between 0% and 50% adhered mortar contents, simulated
tensile strengths remained consistent across adhered mortar contents, and modulus
of elasticity degraded with adhered mortar content. Both compressive and tensile
stress-strain behaviors have showed a slight increase in strain at cracking with
increasing adhered mortar content, highlighting an apparent deformability in RAC
systems. Stress concentrations were observed near the adhered mortar and interfacial
transition zone boundaries, which emphasizes the fact that the fracture path initiates
within the new interfacial transition zone.

B.1

Introduction

Recycled concrete aggregate (RCA) is an aggregate made from the recovery of
demolished concrete which can be used as either a coarse aggregate or a fine aggregate.
Concretes made of RCA have been used to address economic, environmental, and
material constraint concerns related to production of normal concrete [10]. Many
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environmental challenges can be minimized by introducing RCA into the concrete
production such as destruction of natural habitats of species, top-soil erosion, loss of
ground water storage capacity, dust pollution and excessive greenhouse gas emission
[368]. During normal concrete production, greenhouse gases accumulate from mining,
processing, and transporting aggregates [368]. Therefore, there is a need to alleviate
these environmental impacts by reducing the amounts of natural aggregates used in
concretes, and shifting towards recycled aggregates where the impact of mining and
transportation can be minimized. Over 373 million tons of concrete demolition waste
is produced each year [369], as such, an ample amount of RCA is available that could
be used as a replacement material to the natural aggregates, such that the adverse
environmental effects can be minimized.
Recycled concrete aggregate concrete (RAC) consists of five different materials
that have unique mechanical properties. The five materials are natural aggregate,
new interfacial transition zone, adhered mortar, old interfacial transition zone, and
cement-paste matrix. A schematic diagram of an aggregate in the RAC system is
shown in Figure B.l. Although the response of each material is well understood,
the composite RAC system is a complex heterogeneous material.

In general,

RAC has lower strength, lower elastic modulus, and higher peak strain compared
to conventional concrete [80].

The adhered mortar consists of a highly porous

cementitious material which makes it less strong [306] than an ordinary mortar.
This is due to the micro-cracks that are induced in the adhered mortars during
the crushing operations [76]. RAC systems can achieve higher peak strains than
ordinary concrete because a large volume of hardened adhered mortar exists in the
RAC system [111]. Peak strains can be higher in RAC systems compared to normal
concrete systems due to the high roughness index of the adhered mortar surface which
can increase the friction between cement-paste matrix and adhered mortar in the
concrete continuum [306]. Further, RAC has been observed to have a higher cracking
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resistance due to the presence of adhered mortar from shrinkage testing results of RAC
and traditional concrete systems [25]. Strengths of RAC can be improved through
the use of superplasticizers to maintain an appropriate effective water-to-cement ratio
and offset the workability issues that are often seen when RCA is used in concrete
[76, 99].
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Figure B.1 Schematic diagram of an aggregate in the RAC system.
RAC crack patterns can be affected by the properties and content of adhered
mortar, resulting in different failure patterns as the adhered mortar influences internal
deformations [76]. This deformation and fracture process are tied together with the
progressive failure through crack initiation, crack propagation, and coalescence of
micro-cracks [118]. In RAC, most of the crack propagations occur either through
new interfacial transition zone or old interfacial transition zone, as this interfacial
transition zone is considered to be the weakest link in the concrete [370]. Generally,
the average thickness of the new interfacial transition zone and old interfacial
transition zone varies from 20- 50 µm [371] .
Stress concentrations can occur in a concrete system due to a difference in
modulus of elasticity between two materials (e.g., aggregate and cement paste
matrix) [372].

In RAC systems, the problem of relative stiffnesses is high due

to the number of different individual materials (e.g., adhered mortar, aggregate,
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cement-paste matrix, etc.). This study focuses on the stress-strain relationships of
RAC, in both compression and tension, with different amounts of adhered mortar.
While experimental studies have been used to examine the influence of adhered mortar
in the past, the numerical approach presented herein identifies internal deformations
and propagation of damage until material softening occurs. The results can be used to
understand how incremental changes in adhered mortar influence overall mechanical
properties.

B.2
B.2.1

Model Geometry and Material Behavior

Description of Simulation Setup

In this study, the uniaxial compressive and tensile response of a 100 mm x 100 mm
x 100 mm sample was simulated. The model geometry used a sample of concrete
with a maximum aggregate size of 20 mm. A 100 mm x 100 mm cross section of a
known RAC system was selected from prior research [87]. The selected image was
then manually mapped onto a finite element model with four-noded quadrilateral
elements that were 0.5 mm x 0.5 mm in size. Detailed boundaries of the aggregate
and the cement-paste matrix were defined for a 0% adhered mortar content system
(i.e., a system with only natural aggregates).
The area of each aggregate was computed, and then representative areas of
natural aggregates were replaced with corresponding adhered mortar contents. In
total, seven model geometries were developed with varying levels of adhered mortar
contents. Figure B.2 depicts the meshed models for each of the seven adhered mortar
contents simulated in this study (0%, 2%, 4%, 10%, 20%, 50%, and 100%).
Each node along the bottom of the model was restrained in the vertical direction,
and the node located at the bottom-left of the model was restrained in the horizontal
direction to maintain equilibrium. A unit vertical displacement was applied along
the nodes at the top of the model, allowing the computational model to be loaded in
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Figure B.2 Mapping of RAC model.

compression or tension. Figure B.3 illustrates the boundary conditions orientation of
the computational model.

B.2.2

Material Models, Properties, and Parameters

A total strain-based fixed cracked constitutive model [222] was implemented in this
study. Since the load was applied using a prescribed deformation monotonically, it
was expected that the principal compressive and tensile strains would remain fixed
in direction, and therefore, a fixed crack model was implemented.
A parabolic softening behavior was used to simulate the compressive response
of each material [206]. This parabolic softening model is based on the fracture energy
properties as determined by uniaxial compressive experiments of each material. An
exponential softening behavior was implemented to simulate the tensile response of
each material based on fracture energy. A 1% of shear retention factor was allowed
in the simulation to allow for some shear stiffness after crack formation .
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Figure B.3 Nodal boundary conditions for the computational model.

As discussed in the introduction, each material type in RAC has different
material properties that need to be defined in the simulation.

Based on prior

experimental research, the elastic moduli of natural aggregates, adhered mortar, and
cement paste matrix were obtained using nano-indentation techniques with recycled
concrete aggregates and reported values are used in Xiao et al. [29]. Poisson's ratio
of the aforementioned materials were obtained from laboratory experiments [29].
Further, the moduli of elasticity and Poissons ratios of the new interfacial transition
zone and old interfacial transition zone had been previously tested and the appropriate
values were used in this study [229] . Additional mechanical properties for aggregate
were determined from [230] . A detailed summary of the material properties are shown
in Table B.l.
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Table B.1 Material Properties
Modulus of Compressive

Tensile

Poisson's

Fracture

ratio

energy

elasticity

strength

strength

MPa

MPa

MPa

Aggregate

80000

144.0

9.60

0.16

0.1628

Adhered mortar

25000

45.0

3.00

0.22

0.0509

Cement-paste matrix

23000

41.4

2.76

0.22

0.0468

Old ITZ*

20000

36.0

2.40

0.20

0.0407

New ITZ*

18000

33.1

2.21

0.20

0.0371

Material type

N/mm

*Note: ITZ-Interfacial transition zone.
B.2.3

Loading Conditions and Analysis Procedure

Vertical deformation was prescribed to the specimen along the top nodes of the model
in 0.001 mm increments. Therefore, each step constitutes a strain deformation of 10
micro-strains (µE) in both compression and tension. A modified Newton Raphsons
iteration technique was used as the convergence approach. The convergence tolerances
for energy, displacements, and force norms were considered to be 0.01%, 0.1%, and
1% respectively. In certain simulations, the displacement step size was reduced to

0.0001 mm in order to improve convergence criteria during the softening response of
the simulation.

B.3
B.3.1

Simulation Results and Discussion

Compressive Behavior

The simulation results were obtained for compressive softening behavior of different
adhered mortar contents. The relationship between the mechanical characteristic
(stress-a) versus the deformation characteristic (strain-E) in compression was also
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obtained for each adhered mortar content. Based on the stress-strain relationship
depicted in Figure B.4, it is clear that the increasing amount of adhered mortar
content greatly affected the overall stiffness of the material resulting degrading elastic
moduli. Due to the increasing amounts of adhered mortar contents in the RAC system
from 0% to 100%, there was a 35.2% of reduction observed in modulus of elasticity.
Further, the corresponding degradation of modulus of elasticity showed a negative
nonlinear association .
40
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Figure B.4 Stress-strain relationship in compression.

The average peak stresses with adhered mortar contents between 0% and 50%
was 29.2 MPa with a standard deviation of 1.2 MPa. The 100% adhered mortar
content had a peak stress of 34.1 MPa, which was a 16.8% increase compared to the
average peak stress which was obtained from the simulation results for 0% to 50%
adhered mortar contents. This result shows that a 100% adhered mortar system can
experience higher applied stresses under monotonic loading due to the low difference
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of material stiffness, preventing stress concentrations between adhered mortar and
cement-paste matrix in the absence of natural aggregates. Furthermore, the peak
strain of 100% adhered mortar content was 74.3% higher than the mean peak strain
of adhered mortar contents from 0% to 50%. The standard deviation of peak strain
was 2x 10-5 for adhered mortar contents from 0% to 50%.
Contours of principal compressive strains are illustrated in Figure B.5 where the
strains lead to stress concentrations of deformation in the RAC system. The strain
variation across the RAC specimens was not uniform due to the heterogeneity of the
system. Results showed that strains for adhered mortar contents less than 50% had
reached local strains of 0.003 before 50% or 100% adhered mortar simulations. When
the amount of adhered mortar increased, less deformation concentration was observed
as the relative stiffness between the adhered mortar and cement-paste matrix were
similar. For 100% adhered mortar contents, majority of the materials had similar
mechanical properties as there was no effect from the natural aggregates. Therefore,
stress and strain concentration around aggregates was minimized.

B.3.2

Tensile Behavior

The tensile behavior was obtained from the simulation results for all adhered mortar
contents. As shown in Figure B.6, the average peak stress of seven sets of simulations
was 2.35 MPa with a standard deviation of 0.027 MPa, indicating a small amount
of variation in tensile strength based on adhered mortar content. Similar to the
compressive response, the adhered mortar content significantly affected the stiffness
as well as in tension. Variation of the elastic modulus against the amount of adhered
mortar showed a negative nonlinear association. And it was found that moduli of
elasticity varied in a similar manner for both compressive and tensile responses. The
degradation of modulus of elasticity is plotted against the amount of adhered mortar
content in Figure B.7. The modulus of elasticity was calculated between the point of
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Figure B.5 Principal compression strain contours from the loading scheme under
uniaxial compression.
zero stress and strain, and the point at 40% of the maximum compressive, or tensile
stress.

226

2.5

....
.
...
.
...
.
...

2.0

......
ca

C. 1.5

:E
......
en
en

-

~ 1.0

en

0% of Adhered Mortar
2% of Adhered Mortar
4% of Adhered Mortar
10% of Adhered Mortar
20% of Adhered Mortar
50% of Adhered Mortar
100% of Adhered Mortar

0.5

0.0
0

0.0001

0.0002

0.0003

0.0004

0.0005

Applied Strain
Figure B.6 Stress-strain relationship in tension.

Figure B.8 shows contours of principal tensile strain at strain increments for
different adhered mortar contents. The amount of adhered mortar content affected
the overall strain concentration behavior of the RAC specimen. The results showed
that the tensile strain capacity of 0.0003 (which is about 10% of the compressive
strain capacity in concrete) was reached at a faster rate for those which had adhered
mortar contents lower than 50%. Strain concentrations were generally observed near
the new interfacial transition zone.

B.3.3

Crack Initiation, Propagation, and Coalescence of Cracks

Cracks initiated in the RAC system when the stress was equivalent to the tensile
capacity of the material. The simulation results showed that the stress concentrations
occurred within the new interfacial transition zone.

As the strain deformation

increased further, the tensile stresses reached the tensile capacity of the new interfacial
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Figure B. 7 Modulus of elasticity vs. adhered mortar content.
transition zone and created cracks near the interfacial transition zone boundary.
Further, when the deformation was increased, a clear fracture path was created around
the natural aggregate. This was a common characteristic where damage was observed
to initiate around the aggregate in both compression and tension. At larger strain
deformations, the cracks further propagated and coalesced into the old interfacial
transition zone.

B.4

Conclusion

Nonlinear finite element simulations were carried out on RAC subjected to monotonic
loading for different adhered mortar contents.

The simulation results in both

compression and tension showed that the amount adhered mortar content had a
significant affect on overall modulus of elasticity, peak stresses, strain at failure,
location of damage concentration, and propagation of cracking.
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Figure B.8 Principal tensile strain contours from the loading scheme under uniaxial
tension.

Regardless of the loading criteria (i.e., tension or compression), the elastic
modulus was reduced by increasing the adhered mortar content. Results showed
that the reductions of moduli of elasticity for both compressive and tensile responses
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were in similar trends with the increasing adhered mortar contents from 0% to 100%.
The elastic modulus decreased as a function of adhered mortar content showing a
negative nonlinear correlation.
The mean peak stress in compression was 29.2 MPa with a standard deviation
of 1.2 MPa for adhered mortar contents from 0% to 50%, and the highest peak
stress of 34.1 MPa was observed in the 100% adhered mortar content. The tensile
response showed a mean peak stress of 2.35 MPa with a standard deviation of 0.027
MPa for all the adhered mortar contents. Peak strain contours showed that RACs
with higher adhered mortar contents have less deformation concentration around
aggregates when compared with RACs with lower adhered mortar contents. Thus,
the numerical findings presented here confirm the hypothesis of Adams et al. [25]
that concrete produced with RCA has an increased cracking resistance compared to
concrete incorporating natural aggregates.
Simulation results showed that the strain localization can be occurred due to the
large difference between each material stiffnesses in the RAC system during the load
transfer. And it showed that, based on the relative difference in material properties
and amounts of adhered mortar contents in the RAC system, distinct damage
locations were observed near the adhered mortar and new interfacial transition zone
boundaries. Damage was further propagated through the old interfacial transition
zone at higher strain levels until the cube specimen reached its ultimate strain
capacity.
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APPENDIX C
GUIDELINES FOR DESIGNING RECYCLED AGGREGATE
CONCRETE MIXTURE PROPORTIONS

The information provided in this Appendix is a guideline for selecting concrete
mixture design proportions for recycled aggregate concrete (RAC) systems developed
through the statistical database analysis presented in Chapter 6. Some of the contents
of this chapter are adapted from the following technical report:

A. Jayasuriya and M. P. Adams. ACI CRC 18.517: Guideline development for use of
recycled concrete aggregates in new concrete. Technical report, American Concrete

Institute, 2019.
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C.1

Target Strength

The strength of recycled concrete aggregates (RCA) is influenced by many factors
as discussed in the previous sections.

The concrete properties (i.e., both fresh

and hardened) are a function of individual material properties, mixing procedures,
transportation, molding and curing methods in construction conditions, and those
factors are entirely random variables which can influence the concrete strength.
Therefore, from the statistical point of view, it is generally a good practice to consider
a possible deviation and ensure that the strength of concrete mixed in the laboratory
is higher than the design strength. According ACI 318 [373] target strengths are based
on three actual strengths; less than 20 MPa (3000 psi), 21-35 MPa (3000 psi-5000
psi), and larger than 35 MPa (5000 psi) with appropriate standard deviations (8).
The standard deviations for each of those strength levels are provided in Table C.l
based on the database results. It is also recommended to include a constant value
(k) to account for desired percentile to reduce uncertainties from sample deficiency.
At a level of 95% confidence interval (i.e., 5% defective), a k value of 1.645 is used
by considering the normal distribution of concrete compressive strengths, and the
margin for the characteristic compressive strength can be calculated as shown in
Equation C.l [374], where

!~,target

is the target compressive strength, and the

!~,design

is the designed compressive strength .

Table C.1 Standard Deviations for Corresponding Compressive Strength Ranges
of the Database
Specified compressive

Standard deviation

Less than 21 MPa

1.96 MPa

21-35 MPa

4.14 MPa

Over 35 MPa

11.60 MPa
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f ~,target

C.2

=

f~,design

+ k8

(C.l)

Evaluation of Mixture Proportions for Concrete Made with RCA

The analysis results from the bivariate relationships presented in Chapter 6 were
used to develop a methodology for determining the mixture proportion ranges for
a desired compressive strength obtained after the target strength was established
based on proper standard deviations. It is important to know that, compressive
strengths were fluctuated within 35 MPa to 55 MPa in bivariate plots. Therefore,
it is recommended to choose target compressive strengths within this bound, unless
the closest strength requirement should be considered for the use of the proposed
methodology. The methodology is broken down into few steps as described in detail,
where each step provides a determination of a material ratio that satisfies the target
compressive strength requirement.

C.2.1

Step 1-Determining Approximate Effective Water-to-cement Ratio

The effective water-to-cement ratio was estimated by examining the general trends
of the compressive strength variation as shown in Figure C.1. In this scattered plot,
the data was fitted to an exponential decaying function, and few possible outliers
were eliminated considering the compressive strength data beyond 1.5 times the
interquartile range (e.g., 16.6 MPa). Using the equation (or the graph) given in
Figure C.l, a representative effective water-to-cement ratio is determined.

This

selection is statistically feasible due to the reasons that possible outliers were
eliminated, and a representative exponential function was fitted that covered the
entire database.
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C.2.2

Step 2- Determining Appropriate RCA Replacement Level

The bivariate relationship results are used to determine the appropriate RCA
replacement level in terms of a range. Based on that, the Table C.2 was established to
choose appropriate RCA range to meet the compressive strength criterion of the RAC
system. Depending on the approximate effective water-to-cement ratio determined
from Step 1, and the target strength required, an appropriate RCA replacement
is selected by using Table C.2. There could be multiple options that satisfy the
same compressive strength requirement in selecting the RCA replacement , and it is
recommended to consider all possibilities, where the correct RCA replacement level is
decided in the remaining steps. If the target compressive strength is not given in the
table, the RCA replacements are selected based on the rounded up nearest strength
value.
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Table C.2 RCA Replacement Level Selection for the Target Compressive Strength
[MPa]
RCA Replacement
Effective water-to-cement ratio

C.2.3

1-20%

21-60%

61-100%

0.20-0.40

50

45

40

0.41-0.60

45

40

35

0.61-0.87

40

35

35

Step 3- Determining Aggregate-to-cement Ratio

Table C.3 is used to determine an appropriate aggregate-to-cement ratio level based
on the values estimated for RCA replacement level(s). Depending on the rounded
up nearest target strength requirement, an appropriate aggregate-to-cement ratio is
selected.

Table C.3 Aggregate-to-cement Ratio Level Selection Based on the RCA
Replacement Level for the Target Compressive Strength [MPa]
RCA Replacement
Aggregate-to-cement ratio

C.2.4

1-20%

21-60%

61-100%

1.0-2.5

45

50

35

2.6-3.5

45

45

35

3.6-6.5

40

35

30

Step 4- Finalizing Material Ratios

In this step, the mixture proportion ratios for three factors (i.e., effective water-tocement ratio, RCA replacement level, and aggregate-to-cement ratio) are confirmed.
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Table C.4 is used to determine a unique level for aggregate-to-cement ratio with
compared to the estimated value of effective water-to-cement ratio level.

Table C.4 Aggregate-to-cement Ratio Level Selection Based on the Effective Waterto-cement Ratio for the Target Compressive Strength [MPa]
Effective water-to-cement ratio
Aggregate-to-cement ratio

C.2.5

0.20-0.40

0.41-0.60

0.61-0.87

1.0-2.5

55

55

35

2.6-3.5

35

40

40

3.6-6.5

35

35

35

Step 5- Selecting Aggregate Size

The bivariate relationships confirmed that when aggregate size levels between No.4
sieve size and 3/4" maximum aggregate size gave compressive strengths within 35
MPa and 55 MPa. Therefore, it is recommended to keep the maximum aggregate size
below 3/4" for coarse aggregates (i.e., both natural aggregates and RCA).

C.2.6

Step 6- Selecting Minimum Requirements for Cement Contents

The minimum cement content requirements are adopted from ACI 302 [367] which
is recommended for flat concrete works (e.g., slab on grade, walk ways, patios etc.).
According to the standard practice, the cement contents are based on the maximum
aggregate size used in the mixture design proportions as followed by Table C.5.

C.2. 7

Step 7- Determining Mixture Design Proportions for Concrete
Materials

Since the cement contents for given nominal maximum aggregate size are known,
representative water content and aggregate content are calculated. As there were
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Table C.5 Minimum Requirements of Cementing Materials for Concrete
Nominal maximum size

Cementing materials

of aggregates [in.]

[lb/yd3 ]

1-1/2"

470

1"

520

3/4"

540

1/2"

590

3/8"

610

no analysis results yielded for fine aggregate contents, it would be suitable to use a
bandwidth for the ratio of fine aggregate content to the total aggregate content used
in the concrete mixture. Therefore, a ratio between 0.35-0.60 is recommended to use
for fine aggregate content over the total aggregate content (by weight) [375].

C.3

Worked Example for RAC Mixture Design

Information Provided
Strength requirement = 25 MPa
Defective percentage = 5%
Maximum aggregate size= 3/4"
Target compressive strength (Use Table C.1)= 25

+ 1.645 x 4.14 = 31.8 MPa

Step 1
Effective water-to-cement ratio= 0.68 (from Figure C.l)
Step 2
RCA replacement level= 21-60% or 61-100% (from Table C.2)

Therefore, let's choose 70% RCA replacement level for this example
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Step 3
Aggregate-to-cement ratio = 1.0-2.5 or 2.6-3.5 (from Table C.3 for RCA replacement
level of 40%)
Step 4
Final aggregate-to-cement ratio = 1.0-2.5 (from Table C.4)
Therefore, let's choose an aggregate-to-cement ratio of 2 for this example

Step 5
Maximum aggregate size is given as 3/4"
Step 6
Cement content requirement = 540 lb/yd 3 (from Table C.5)
Step 7
Water content required= 0.68 x 540 = 367.2 lb/yd3
Aggregate content= 2 x 540 = 1080 lb/yd3
RCA content= 1080 x 70% = 756 lb/yd3
Natural aggregate content = 1080 x 30% = 324 lb/yd3
Fine aggregate content (based on 40/60 percent ratio)= 1080 x 45% = 432 lb/yd 3

The final mixture proportions are shown in Table C.6, where water adjustments
required to be done for both coarse and fine aggregates.

However, the coarse

aggregates (i.e., both RCA and natural) and fine aggregates are recommended to
pre-batch by bringing them to a state of close to surface saturated dry condition
level, and on the actual mixing day, adjustments for aggregates needs to be done. This
mixing procedure will enhance the mixing action by having adequate free water, as
the aggregates are in surface saturate dry condition already, and no relative movement
of water is possible to potentially cause shrinkage as well. In order to increase the
interfacial bond strength between the aggregates and the cement paste matrix, it is
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also recommended to follow a two-stage mixing method developed for RCA mixing
methodology developed by Tam et al. [158].

Table C.6 Mixture Design Proportions for New Concrete Using RCA
Material

Content [lb/yd3 ]

Water

367

Cement

540

Natural aggregate

324

Recycled aggregates

756

Fine aggregates

432
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